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Analyse quantitative des régulations de la traduction chez Lactococcus lactis par une 
approche de biologie des systèmes 
 
La régulation de l’expression génique chez les bactéries résulte d’un processus 
complexe comprenant deux étapes majeures, la transcription des gènes en ARNm et leur 
traduction en protéines. Les études qui allient les données de transcription et de traduction 
sont rares et l’importance de chacun de ces deux mécanismes dans un processus global 
d’adaptation n’est pas encore clairement définie. Or, les faibles corrélations entre les niveaux 
d’ARNm et de protéines chez les bactéries et, plus particulièrement chez la bactérie modèle 
Lactococcus lactis, suggèrent l’importance des régulations traductionnelles. 
Aujourd’hui des exemples de mécanismes de régulation de la traduction à l’échelle 
moléculaire se multiplient, néanmoins il n’existe que très peu de méthodes systémiques 
permettant d’étudier ces régulations à l’échelle globale. Dans cette thèse, l’état de traduction 
de chacun des ARNm de la cellule a été estimé par la mesure du traductome. Ainsi, pour 
chaque ARNm, le pourcentage de molécules en traduction et sa densité en ribosomes ont été 
déterminés. Pour la première fois, une image complète de l’état de traduction de la bactérie a 
été obtenue montrant une grande variabilité traductionnelle au sein de la population des 
transcrits. De plus, il a été démontré que cet état traductionnel était très régulé. De fait, lors 
d’une carence nutritionnelle, la machinerie de traduction est globalement diminuée et il est 
observé une redistribution de l’efficacité de traduction vers des gènes nécessaires à la bactérie 
pour être adaptée au stress imposé.  
D’autre part, cette forte variabilité de l’état de traduction au sein des ARNm a pu être 
reliée à des différences au niveau du mécanisme propre de la traduction. En effet, les 
coefficients de contrôle des trois grandes étapes de la traduction, estimés par modélisation à 
partir des données de traductome, dépendent fortement de la nature des gènes. Ainsi un 
contrôle au niveau de l’étape d’initiation a été démontré comme attendu pour la majorité des 
gènes. Mais pour un grand nombre de gènes, un contrôle par l’élongation (et pour un nombre 
plus restreint par la terminaison) a été aussi mis en évidence chez L. lactis.  
Dans le contrôle global de l’expression génique, il a d’autre part été mis en évidence 
que les processus de traduction et de dégradation des ARNm étaient impliqués et associés à 
des régulations coordonnées ou non en fonction des conditions de croissance. 
En conclusion, ces travaux de thèse ont montré l’importance des régulations de la 
traduction. Plus largement, ils ont souligné la nécessité de caractériser les différents niveaux 
de régulations de l’expression génique afin de mieux appréhender la physiologie de la cellule. 
Quantitative analysis of translation regulations in Lactococcus lactis by systems biology 
 
In bacteria, regulation of gene expression results from a complex program composed 
of two main steps: transcription of genes into mRNA and their translation into proteins. Few 
studies integrate both transcription and translation, so their relative importance in the global 
process of bacterial adaptation is not yet well defined. However, weak correlations between 
mRNA and protein levels were found in bacteria, in particular in the lactic acid bacteria 
model Lactococcus lactis, suggesting significant translation regulations in this bacterium. 
Nowadays, translation regulation mechanisms are mainly investigated at the molecular 
level since only few systemic methods exist to study these regulations at a genome-wide 
scale. During this PhD, translation state of all mRNA was estimated by translatome 
measurement. For each mRNA in the cell, percentage of its molecules in translation and its 
ribosome density were determined. For the first time in bacteria, a detailed picture of the 
translation state of all transcripts was obtained. Large variation of translation state was 
observed within the transcript population demonstrating a high diversity of translational 
regulations in a given physiological state. In addition, during nutrient starvation, the global 
translation machinery was decreased and associated with a redistribution of the translation 
efficiency towards genes required to stress adaptation. 
Changes in translation state were related to specific kinetics of the three elementary 
steps of translation. From translatome data, control coefficients of initiation, elongation and 
termination on the global translation process were modeled. The translation limiting step was 
strongly dependent on gene function. Although a control by initiation was observed for most 
of the genes of L. lactis, a large set of genes was elongation limited, and even few genes were 
limited by termination. 
In the global control of gene expression, both translation and mRNA decay were 
involved and led to coupled or uncoupled regulations according to growth conditions. 
Finally, this work has demonstrated the importance of translation regulations in 
bacteria. This result strengthens the necessity to include all the different layers of gene 
expression regulation in order to better understand cell physiology.  
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L’étude des régulations est au cœur de ces travaux de thèse. Les régulations sont 
associées dans le sens commun à un ensemble de mécanismes assurant un déroulement 
harmonieux de l’élément auxquelles elles se rapportent. Les sciences de l’ingénieur 
regroupent sous la notion de régulation l’ensemble des moyens mis en œuvre pour maintenir 
une variable égale à une valeur consigne, ce que les sciences de la vie décrivent sous la notion 
d’homéostasie. Plus largement, la cellule met en place une dynamique de régulation pour 
ajuster l’expression génique (la variable à régler) à ses besoins (la consigne). Ainsi, 
l’adaptation d’une bactérie à un nouvel environnement conduira à une modulation de 
l’expression de ses gènes. 
  L’expression génique est un processus stratifié et coordonné. L’ensemble des 
informations utiles à la survie cellulaire est stocké dans les gènes, sur un disque dur, l’ADN. 
Pour la rendre accessible, le support d’information initial, l’ADN, doit être changé en ARNm 
puis en protéine. Le passage de l’ARNm à la protéine, la traduction, était jusqu’à récemment 
peu pris en compte dans les études systémiques d’expression génique. Or, depuis peu, son 
importance a été révélée par la difficulté à expliquer les variations des niveaux de protéines 
par les seuls changements des niveaux d’ARNm.  
Ces travaux de thèse se distinguent par une approche intégrative dont la finalité est 
d’obtenir à l’échelle omique une compilation des différentes régulations et de leurs 
interactions pour chacun des niveaux de l’expression génique. L’étude des différentes étapes 
conduisant à l’expression de l’ensemble des gènes de la cellule génère un grand nombre de 
données qu’il faudra savoir intégrer et relier entre elles. Ce champ d’étude fait appel aux 
nouvelles technologies appliquées à l’échelle du génome qui génèrent une grande quantité de 
données et utilisent les mathématiques (statistiques) comme support d’analyse. Par une 
approche complémentaire, le phénomène biologique étudié sera aussi modélisé dans un but 
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cognitif à l’aide des mathématiques, à partir des connaissances biologiques. Dans ce cas-là, 
l’apport de données expérimentales supplémentaires améliorera la qualité et la fidélité de la 
description. La compréhension du vivant par une association combinée des outils 
mathématiques et biologiques est nommée Biologie des Systèmes. 
Mes travaux de thèse se sont portés sur la caractérisation de l’étape de la traduction et 
de ses régulations chez les bactéries, aussi bien dans un état physiologique optimal que lors de 
l’adaptation à un stress. Le micro-organisme choisi pour l’étude est la bactérie Lactococcus 
lactis. La petite taille de son génome séquencé et la relative simplicité de son métabolisme 
font de cette bactérie un modèle d’intérêt pour l’approche de Biologie des Systèmes. 
Au cours de cette thèse, une image complète de l’état de traduction de l’ensemble des 
ARNm de la cellule a été obtenue pour la première fois chez un procaryote, par la mesure du 
traductome. Ainsi, pour chaque ARNm, le pourcentage de molécules en traduction et sa 
densité en ribosomes ont été déterminés. Ces deux variables qui sont le reflet de l’efficacité de 
traduction sont soumises à une fine régulation dont les déterminants ont été recherchés et 
identifiés. Lors d’un changement d’état physiologique, nous avons de plus démontré que la 
traduction est régulée de façon générale en lien avec la croissance et en parallèle de façon 
gène-spécifique pour le maintien de l’homéostasie. Enfin, la coordination entre la traduction 
et les différents processus régulant les niveaux des ARNm et de protéines dans la cellule a été 
analysée. 
Par une approche complémentaire, à partir des donnés du traductome, la vitesse de 
synthèse protéique de chaque ARNm a été estimée par modélisation cinétique. Les 
coefficients de contrôle des trois grandes étapes de la traduction ont été calculés. Leur lien 
avec la physiologie de la cellule et les propriétés intrinsèques des ARNm a été recherché. 
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Enfin, une étude de sensibilité du modèle a été initiée pour rendre compte de la robustesse des 
résultats.  
Ce manuscrit débute par une introduction bibliographique décrivant l’état des 
connaissances sur les régulations post-transcriptionnelles et l’étape de traduction chez les 
Procaryotes. Une première partie, qui a été valorisée sous forme de revue, détaille les 
mécanismes impliqués dans les régulations de la stabilité des transcrits et des protéines ainsi 
que dans la régulation de la traduction. L’ensemble des ces régulations sont ensuite mises en 
lien avec les conditions environnementales. En complément de cette revue, le processus de 
traduction et son rôle dans le contrôle de l’expression génique sont décrits. Une dernière 
partie détaille les différentes techniques de mesure du traductome. Enfin cette étude 
bibliographique se termine sur la présentation des objectifs de ma thèse.  
Les résultats sont présentés en anglais sous forme de publications, avec en préambule 
de chaque article un repositionnement du chapitre dans le contexte de l’étude et un synopsis 
en français. Les deux premiers chapitres portent sur la mesure du traductome chez L. lactis et 
sa caractérisation dans deux conditions physiologiques (normale et en stress). Dans ces deux 
chapitres, la traduction est systématiquement replacée dans le processus global d’expression 
génique, de l’ARNm à la protéine. Le troisième chapitre est consacré à la modélisation de la 
traduction à partir des données expérimentales. De plus, un chapitre placé en annexe porte sur 
l’analyse de la stabilité des ARNm chez L. lactis. 
La conclusion reprend l’ensemble des résultats pour dresser une image complète des 
régulations de la traduction et de la coordination mise en place avec les autres niveaux de 
régulation de l’expression génique. Cette dernière partie s’ouvrira sur différentes perspectives 
réalisables à plus ou moins long terme. 
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L‟ensemble des informations nécessaires à la vie de la cellule est stocké sur l‟ADN, 
sous forme d‟unités nommées gènes. Nous parlons alors de génome. Au cours de la division 
cellulaire, il sera copié par réplication afin que l‟information génétique soit conservée à 
l‟identique dans la cellule fille. 
Afin d‟optimiser son fonctionnement, la cellule va activer à chaque instant uniquement 
les gènes nécessaires à sa survie, par l‟étape de transcription. En effet, les besoins de la cellule 
sont fonction du cycle cellulaire et varient en réponse à des changements de conditions de 
l‟environnement dans lequel la cellule évolue. Cette plasticité de l‟expression génique confère 
une adaptation rapide de la cellule face aux changements rencontrés. 
La transcription assure la conversion du support d‟information, de l‟ADN vers l‟ARN. 
Il existe différents types d‟ARN. Les ARN messagers (ARNm) codent l‟information 
génétique qui sera convertie sous forme de protéine par le processus de traduction afin de 
rendre fonctionnelle cette information pour la cellule. La mesure de l‟ensemble de ces ARNm 
porte le nom de transcriptome (figure 1). D‟autres types d‟ARN, non codants et hautement 
structurés sont directement fonctionnels sous cette forme. Ce sont les ARN ribosomaux 
(ARNr), les ARN de transfert (ARNt) et les petits ARN. Les deux premiers interviennent dans 
le processus de traduction, les derniers dans la régulation de la stabilité des ARNm. A l‟état 
d‟équilibre, la concentration dans la cellule des ARNm résulte des processus de synthèse, de 
dilution dans le milieu cellulaire lors de la croissance bactérienne et de leur dégradation. La 
mesure de la stabilité de tous les ARNm présents dans la cellule se nomme stabilome (figure 
1). 
Les produits finaux de l‟expression des gènes, les protéines, sont synthétisés à partir 
des ARNm par les ribosomes. Cette étape de traduction convertit l‟information sous forme 
d‟ARNm en un autre langage accessible par la cellule, les acides aminés. 
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Un seul ARNm pourra être traduit plusieurs fois et simultanément. La mesure du 
niveau de traduction de l‟ensemble des ARNm de la cellule est appelé le traductome (figure 
1). 
Les protéines par leurs propriétés structurales et enzymatiques assurent et coordonnent 
l‟ensemble des réactions cellulaires. Le protéome correspond à la mesure des niveaux de 
protéines (figure 1). A l‟instar de la concentration en ARNm, celle des protéines est régie par 
le même état d‟équilibre où entrent en jeu leur vitesse de synthèse, le taux de dilution par la 
croissance et leur stabilité. La mesure de la stabilité des protéines constitue le dégradome 
(figure 1). 
L‟expression des gènes résulte d‟une architecture complexe de régulations qui opèrent 
à chaque étape et sur chaque élément, du gène à la protéine. L‟étude de ces régulations à 
l‟échelle de la cellule a été possible grâce au développement de techniques de mesure pour 
l‟ensemble des gènes de façon simultanée regroupées sous l‟appellation "omique" (biologie 
Figure 1. Représentation des principales étapes intervenant dans l‟expression génique, du 
gène à la protéine et les mesures systémiques associées à chacun des points-clés de cette 
expression. 
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systémique). Cependant, la majorité des études s‟est focalisée jusqu‟à présent sur la régulation 
de l‟étape de transcription. Or, il apparaît aujourd‟hui que les régulations transcriptionnelles 
ne sont qu‟un sous-groupe du contrôle de l‟expression des gènes. En effet, des régulations se 
mettent en place après la transcription au niveau de l‟ARNm. Ces régulations post-
transcriptionnelles induisent ainsi une modulation rapide de la traduction adaptée aux besoins 
cellulaires. De plus, cette étape de traduction est la réaction la plus consommatrice en énergie 
dans la voie de l‟expression génique, soulignant l‟importance pour la cellule de la contrôler 
finement. 
Dans une première partie, je présenterai les mécanismes entrant en jeu dans les 
régulations post-transcriptionnelles ainsi que leur dépendance vis-à-vis de l‟état de la cellule. 
Cette partie a été valorisée sous forme d‟une revue dans le journal Compte rendus Biologies. 
Les trois autres parties seront davantage axées sur l‟étape de la traduction qui a été au cœur de 
ma thèse. Je décrirai le mécanisme de la traduction, son contrôle et la mesure expérimentale à 
l‟échelle "omique" de l‟efficacité de traduction avec la présentation du traductome.  
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Résumé 
Au sein de la cellule, les concentrations en transcrits et en protéines sont finement 
régulées afin de s‟ajuster en permanence aux besoins cellulaires. Récemment, plusieurs études 
à grande échelle, réalisées chez les procaryotes, ont mis en évidence la présence de faibles 
corrélations entre les concentrations des transcrits et celles des protéines, soulignant 
l‟importance des régulations post-transcriptionnelles. Les régulations post-transcriptionnelles 
interviennent dans l‟adaptation dynamique du turnover des transcrits et des protéines ainsi que 
dans la modulation de l‟efficacité de traduction des ARNm en protéines. Les stabilités des 
transcrits et des protéines sont dépendantes de déterminants de séquence et de processus de 
dégradation. L‟efficacité de traduction est quant à elle principalement modulée par la synthèse 
et l‟activité des ribosomes. La réconciliation, à travers une approche de biologie intégrative, 
des données à grande échelle obtenues pour chaque niveau de régulation est maintenant 
requise afin de mieux appréhender la réponse globale de la cellule face à des variations 
environnementales. Dans cette revue, nous détaillerons les mécanismes impliqués chez les 
procaryotes dans les stabilités des transcrits et des protéines ainsi que dans la régulation de la 
traduction, en soulignant en particulier leur dépendance vis-à-vis des phases de croissance et 
des conditions environnementales. 
 
Abstract 
 In cells, mRNA and protein levels are fine-regulated to adjust continuously to cellular 
needs. Recently, several large-scale studies in prokaryotes showed weak correlations between 
mRNA and protein abundances highlighting the significant importance of post-transcriptional 
regulations. Post-transcriptional regulations involve dynamic adaptation of mRNA and 
protein turnover and also modulation of the efficiency of mRNA translation into protein. 
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mRNA and protein stabilities are function of both sequence determinants and decay 
processes. Translation efficiency is mainly dependent on ribosome synthesis and activity. 
Conciliation through an integrative biology approach of large-scale data obtained for each 
level of regulation is now required to better understand global cell response to different 
environmental growth conditions. In this review, we report mechanisms involved in mRNA 
and protein stability and translation regulation in prokaryotes, and their dependence on growth 
phase and environmental growth conditions is particularly highlighted. 
 
1. Introduction 
Most of biological studies on post-transcriptional regulations focused on one or only 
few genes. This kind of approach is rapidly limited to scale up observed gene features to 
whole genome. Genome-wide analyses would necessitate taking in account regulations at 
both mRNA and protein levels. Indeed, cell is a dynamic model where interactions between 
each level occur and lead to physiological effects. Integrative biology consists in linking 
different parts of the global cellular regulatory process to better embrace a biological event or 
response. Thus, the dogma of only gene expression determinate protein level is revisited by 
this approach. Protein concentrations in cells depend on the rates of degradation and dilution 
by growth of both mRNA and protein but also on translational rate (Figure 1). In this review, 
we describe mechanisms involved in mRNA and protein stability as well as in translation 
regulation in prokaryotes, and in particular, we emphasize their dependence on growth phase 
and environmental growth conditions of the microorganism.  
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2. Mechanisms involved in mRNA/protein stability  
2.1. mRNA stability 
2.1.1. mRNA decay and RNases 
 RNA decay is responsible of variations in RNA concentrations and confers a low cost 
energetic mean to adjust mRNA concentration to cell needs. It is also involved in quality 
control of RNAs, in degrading faulty transcripts. Compared to eukaryotes, prokaryotic mRNA 
shows considerable instability with half-lives in the order of a few minutes only. This short 
stability allows prokaryote cells to respond rapidly to environmental changes. It is important 
to distinct messenger RNAs, their steady-state concentration being strongly influenced by 
their half-life [1], to stable RNAs which are only degraded during stress or when a RNA 
molecule is defective [2]. It is now clear that mRNA decay involves a coordinated action 
between endoribonucleases (endoRNases) and exoribonucleases (exoRNases) (Table 1). 
Endonucleolytic cleavages create short RNA fragments that are subsequently degraded by 
exonucleases.  
  In Escherichia coli, initiation of RNA degradation starts with an endonucleolytic 
cleavage. Most of mRNA turnover is mediated by a large protein complex called RNA 
degradosome, even if its assembly is not essential in E. coli [3]. Principal degradosome 
components are the following four enzymes: RNase E, polynucleotide phosphorylase 
(PNPase), RNA helicase B (RhlB) and enolase. RNase E is an endonuclease; its action is 
favored by the binding on its C-terminal half of the three other enzymes of the degradosome 
[1]. RNase E targets mRNA with an accessible single 5‟monophosphate extremity but is 
inhibited by triphosphate residues at the 5‟ end [1]. RNase E scans mRNA in a 5‟ to 3‟ 
direction and then identifies and cuts its cleavage sites from 3‟ to 5‟ end [4]. Cleavage usually 
occurs in single-stranded A/U rich regions [1]. PNPase is a 3‟-5‟ exoribonuclease which 
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degrades single-strand RNA to release 5‟phosphate nucleosides. RhlB helicase unwinds RNA 
duplex while the role of enolase in degradosome is not yet well defined [3]. This multi-protein 
complex was characterized in other proteobacteria but its composition differs between species 
[3]. RNase G also participates to a limited extend in mRNA decay in E. coli. This 
endoribonuclease shares 40 % of homology with RNase E and presents the same cleavage site 
specificity [5].  
In Bacillus subtilis, RNase E has no homologue. An endoribonuclease RNase J1 and 
its paralogue RNase J2 were identified [6]. They share functional homologies with RNase E 
in terms of cleavage mode and activity modulation by the nature of mRNA 5‟ end [7]. RNase 
J1 is an essential enzyme in B. subtilis coupling endonucleolytic and exonucleolytic activities. 
Moreover, RNase J1 is highly conserved throughout bacterial and archaeal kingdoms [7] and 
an homologue is found in Lactococcus lactis [6]. 
Additional endoribonucleases, differing by their substrate specificity, were found in E. 
coli and B. subtilis such as RNase H which cleaves RNA-DNA hybrid molecules, RNase P 
that mainly plays a role on transfer RNA precursors and RNase III acting specifically on 
double-stranded structures [7]. RNase III was also identified in L. lactis [8]. Two RNases 
(RNases M5 and Bsn) from B. subtilis are also found in other low G+C Gram-positive 
bacteria but not in E. coli. RNase M5 is responsible of the 5S ribosomal RNA maturation 
while RNase Bsn does not seem to have any substrate specificity [9]. The importance of 
endonucleolytic cleavage on mRNA decay is well highlighted by two studies on citrate 
permease P (citP) mRNA stability, in both E. coli and L. lactis. It was shown that the lack of 
RNase III leads to strongly reduced citP mRNA decay in L. lactis [10]. In the same way, it 
was observed in E. coli RNase E or RNase III mutant strains a stabilization of citP mRNA 
(with a half-life more than 20 minutes instead of 3 minutes usually) [11].  
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In E. coli, six RNases (RNase BN, RNase D, RNase II, RNase PH, RNase T and 
PNPase) exhibit processive 3‟ to 5‟ exoribonuclease activity [12]. Oligoribonuclease, the only 
exonuclease essential for cell viability in E. coli, is required for complete degradation of 
mRNA into mononucleotides [13]. Particular exoribonucleases and hydrolases are not 
actually involved in the processive mRNA degradation but favor RNase E action, i.e. 
pyrophosphohydrolase removing pyrophosphate to 5‟end of triphosphorylated mRNAs [14] or 
RNase R helping the cleavage of secondary structures [2]. 
In addition to phosphorolytic PNPase, RNase PH and hydrolytic RNase R, B. subtilis 
contains another 3‟-5‟exonuclease YhamM, capable to degrade single-stranded DNA and 
RNA [9]. Sequence homologues of YhamM were reported only in Gram-positive bacteria and 
in particular in L. lactis [15]. In the past, it was usually admitted that, contrary to eukaryotes, 
mRNA degradation in eubacteria only occurs in a 3‟ to 5‟ direction. Recently, RNase J1 of B. 
subtilis was shown to have in addition to its endonuclease function, a 5‟-3‟ processing 
exonuclease activity on ribosomal RNA and messenger RNA [16]. 
 
2.1.2. Sequence determinants of mRNA stability 
Each mRNA coding sequence is flanked by untranslated regions (UTR) that contain 
regulating sequences of mRNA stability. Compared to eukaryotes, prokaryotes do not have a 
cap in the 5‟end of their messenger but an alternative protection via a triphosphorylated 5‟end 
was demonstrated in E. coli. Indeed, as we have previously mentioned RNase E activity 
decreases when it meets a triphosphate residue at the 5‟end of an mRNA [1]. Presence of 
secondary structure close to 5‟end of a mRNA prevents also endonuclease cleavage. For 
example, 5‟terminal stem-loop could explain the unusual long half-life of E. coli ompA 
messenger [17] and influences B. subtilis aprE mRNA half-life [18]. An additional stabilizing 
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element within the 5‟UTR is the ribosome binding site (RBS) sequence. Called also Shine-
Dalgarno sequence in prokaryotes, RBS is a purine-rich region localized around 10 bases 
upstream of the start codon. Initial anchoring of ribosomes onto mRNA depends on 
complementary pairing of the RBS sequence and a sequence close to the 3‟end of 16S rRNA 
in the 30S ribosomal subunit: higher is the complementary pairing, more efficient is the 
recruiting of ribosome. For example, higher mRNA stability of E. coli ompA [17] and B. 
subtilis aprE [18] was related to strong RBS/ribosome interaction. Sharp et al. [19] examined 
in E. coli the relationships between mRNA stability and the position and strength of a 
stabilizer-like in 5‟UTR. According to them, strength and localization of RBS have a limited 
effect on mRNA stability compared to the presence of a secondary structure. In L. lactis 
mRNA stability was however related to the frequency of a RBS-like pattern in the 5‟UTR 
[20]. 
Stem-loops in 3‟UTR are also present in most prokaryotic mRNA and protect them 
against 3‟ to 5‟ exonucleases. Like in eukaryotes at their 5„ end, prokaryotic mRNAs are 
polyadenylated at their 3‟ end (polyadenylation is not restricted to mRNA but it could take 
place on any accessible 3‟end of RNA). Surprisingly, in contrast to eukaryotes, adding 3‟ end 
poly(A) tail destabilizes bacterial mRNA [21]. This signal is useful for RNases such as 
PNPase (which belongs to degradosome) and RNase R that need some unpaired nucleotides to 
attack 3‟ loop [2]. Two types of poly (A) tails exist in E. coli [21]. First, a 10-40 nucleotide-
long tail with exclusively A residues is added by a poly(A) polymerase I (PAPI) and found 
after Rho-independent transcription terminator or attached to degraded mRNA. During 
exponential growth, it was observed than more of 90% of E. coli open reading frames were 
polyadenylated by PAPI [21]. An alternative longer (about 100 nucleotide-long) and 
heteropolymeric tail can also be synthesized by PNPase. PNPase, primarily acting as the 
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phosphorolytic nuclease of E. coli degradosome, is indeed bifunctional. Since the 
phosphorolysis reaction is close to equilibrum, PNPase can catalyse both mRNA degradation 
and 3‟end polyadenylation [22]. In B. subtilis, shorter homogenous poly(A) tails (5 
nucleotides average length) and heteropolymeric tails (composed to close 90% adenosine) up 
to 113 nucleotides length were observed. However, contrary to E. coli, it appears that PNPase 
is not responsible for heteropolymeric tails since they were observed in pnpA mutant strains 
[23]. 
In addition, in E. coli, it was established by Mohanty et al.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
[21] a correlation between poly(A) levels and mRNA decay rates: increasing PAPI level leads 
to increased poly(A) level and consequently to reduced mRNA stability. It was also found that 
polyadenylation of transcripts in E. coli is a sensing signal to adjust specifically RNase E and 
PNPase levels. RNase E and poly(A) tails do not interact in vivo but polyadenylation at the 
cell level is involved in autoregulation of RNase E protein level via transcript stability [24]. 
Indeed Mohanty et al. showed that half-lives of PNPase and RNase E (but not of RNases II 
and III) transcripts depended on poly(A) mRNA levels [21].  
 
2.1.3. mRNA stability and mRNA translation 
Ribosome binding on mRNA influences mRNA stability. In E. coli, ribosome 
association on mRNA does not stabilize downstream sequence but only protects mRNA in the 
vicinity of ribosome binding against RNases [25]. Close spaced ribosomes can also mask 
RNase E cleavage sites. However, in this case, the translation must not be interrupted since 
ribosome stalling leads to activation of trans-translation and thus provokes the decay of 
reading mRNA (for further details on trans-translation, see part 3.6. on ribosome activity). 
Carrier et al. [26] established a mechanistic model to understand mRNA decay. They 
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determined that for a successful cleavage by RNase E, the space between ribosomes should be 
more than 24 nucleotides. Examples of ribosome binding in the 5‟UTR enhancing stability of 
downstream mRNA sequence were reported in studies on ermA, ermC and phage82 mRNAs 
[9]. In these cases, ribosome binding prevents action of 5‟-3‟ exonucleases and 5‟end 
endonucleases.  
Some variances emerge from ribosome influence on mRNA half-life in E. coli and B. 
subtilis: while translation seems to be required to inhibit cleavage by RNase E in E. coli, static 
ribosome can inhibit cleavage by the B. subtilis equivalent [9]. Sharp et al. [27] were in 
agreement on B. subtilis but were less conclusive on E. coli, for them ribosome binding and 
translation initiation rather than translation itself increased mRNA stability in E. coli.  
 
2.1.4. Genome-wide determinations of mRNA half-lives  
Few studies on mRNA stability at a genome-wide level were reported in prokaryotes 
by using microarrays. First a transcriptomic study of mRNA half-lives in E. coli, was 
performed by Bernstein et al. [28]. A wide range of mRNA stabilities was reported but 80 % 
of mRNA half-lives were low and comprised between 3 and 8 minutes. mRNA abundance 
was not a predictor to its stability. Moreover, the authors did not succeed to link mRNA 
stability to sequence features (such as open reading frame (ORF) length, predicted secondary 
structure in UTRs or density of RNase E cleavage sites) but they determined a correlation 
between mRNA stability and functional categories. A second study by Selinger et al. [29] 
used microarrays to identify global RNA degradation patterns in mid-log phase. mRNA half-
life was also dependent on functional categories and an average mRNA half-life of about 7 
minutes was observed. Study of the degradosome action at a genomic scale highlighted 
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differences in mRNA decay in E. coli: some mRNA degradations were mediated by 
degradosome contrary to others that did not [30].  
In B. subtilis, Hambraeus et al. [31] examined mRNA decay rates in early stationary-
phase cultures. About 80 % of mRNAs exhibited a half-life lower than 7 minutes. 
Surprisingly, no correlation existed between mRNA stability and neither gene encoded 
function nor sequence features in 5‟ region.  
In L. lactis, most of mRNA half-lives ranged in exponential phase between 1.5 and 10 
minutes (Figure 2) [20]. Contrary to previous studies, mRNA half-lives were correlated 
negatively with ORF length. Genes with the highest expression were globally the less stable 
and a relationship between mRNA stability and gene function (house keeping genes were 
stable and those involved in stress adaptation unstable) was demonstrated. Nevertheless, 
values of mRNA half-lives were significantly lower than the generation time (in the range of 
hour), indicating that degradation of mRNA was the main process of mRNA disappearance 
and dilution by growth could thus be neglected in such conditions (Figure 1).  
 
2.2. Protein stability 
2.2.1. Protein degradation and proteases 
Protein degradation is an energy-demanding process requiring ATPase activity in both 
eukaryotes and prokaryotes. In eukaryotes, protein breakdown is mainly an ubiquitin-
dependent pathway and involves the proteolytic complex 26S proteasome. Even if eukaryotic 
and prokaryotic proteases share similar barrel-shaped structure, proteasome assembly is not 
observed in bacteria [32]. Only mechanisms related with proteolysis in bacteria will be 
described hereafter. 
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 The main proteases are part of the Clp (caseinolytic protease) family. This family is 
widespread in bacteria and found in E. coli and B. subtilis [33] but also in L. lactis [34]. In E. 
coli, proteolytic complexes of two Clp proteases are formed, e.g. ClpAP, ClpXP and ClpYQ, 
one Clp protease is an ATPase (ClpA, ClpX or ClpY) while the second is involved in 
proteolysis (ClpP or ClpQ). The subunits of proteolytic complexes are associated in rings 
forming barrel-shaped complex. The upper ring is the ATPase that belongs to ATPases 
Associated with diverse cellular Activity (AAA) family. In the proteolytic complex, ATPase 
denatures and translocates substrates for degradation [35]. When Clp ATPase is not docked to 
a proteolytic complex, it displays a chaperone activity [36]. The substrate specificity of the 
degradation complex is linked to the ATPase compartment and can be increased by specific 
adaptor binding on ATPase rings. Access to the proteolytic active site buried in the lower ring 
is restricted to unfolded proteins due to a narrow entrance. When the proteolytic core is ClpQ 
(or Heat shock locus V, HslV) a double ring of six identical subunits is formed and the 
associated ATPase is ClpY (or Heat shock locus U, HslU) [35]. In proteolytic complex 
containing ClpP, the lower ring is composed of fourteen subunits stacked in two heptamer 
rings that could interact with either ATPase ClpA or ClpX [32]. The proteolytic complex 
ClpXP is involved in degradation of most of all SsrA-tagged proteins resulting from trans-
translation (for further details on trans-translation, see part 3.6. on ribosome activity). 
Adaptator protein SspB increases ClpXP affinity for C-terminal SsrA-tagged proteins [37]. 
ClpXP recognizes five classes of peptide motifs, two peptide sequences are localized in C-
terminal position and the others in the N-terminal part [38]. A specific ClpXP adaptor, RssB, 
is required for degradation of the starvation factor RpoS [39]. The second proteolytic complex 
ClpAP degrades less efficiently SsrA-tagged proteins and is mainly involved in degradation 
of proteins bearing N-degrons (N-end rule substrates), with the help of adaptor protein ClpS 
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(for further details on N-degrons, see part 2.2.2 on N-end rule). More precisely, depending on 
cell needs, binding of ClpS to ClpA N-terminus occurs to regulate ClpA autodegradation and 
to modify ClpA substrate specificity [40]. 
In addition to the Clp protease family, degradation of protein can involve the 
cytoplasmic serine protease Lon. Lon is a ring-shaped hexamer containing like Clp protease 
an ATPase domain and an internal proteolytic chamber [35]. Lon was observed in E. coli, B. 
subtilis and L. lactis [41]. In E. coli, this protease participates not so much in the degradation 
of misfolded proteins (its activity is 30 times lower than ClpXP on SsrA-tagged proteins 
[37]). Lon implication in regulations of biological processes was reported in E. coli [42]. FtsH 
(or High-frequency lysogenization, HflB) carries ATPase and proteolytic sites in the same 
polypeptide chain as Lon. FtsH is a Zn metalloprotease which differs from other proteases in 
E. coli by its localization in the inner membrane. FtsH was also discovered in B. subtilis [35] 
and in L. lactis [43]. FtsH degrades both soluble and membrane-associated proteins [35]. Two 
membrane proteins, HflK and HflC form a stable heterodimer HflKC that can associate FtsH 
to form the FtsH holoenzyme. This association might change FtsH specificity from membrane 
protein to soluble substrates but little is known about FtsH function in vivo [44]. 
 
2.2.2. N-end rule and protein stability  
 N-end rule pathway determines protein stability with the nature of N-terminal residues 
classified as stabilizing or destabilizing residues. Observed in prokaryotes and eukaryotes, 
classification of residues depends on species. In E. coli, hydrophobic (leucine, phenylalanine, 
tryptophan and tyrosine) amino acids are primary destabilizing residues; basic amino acids 
(arginine and lysine) are secondary destabilizing residues while other residues are stabilizing 
amino acids [45]. Secondary residues could be conjugated to primary residues by 
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Leucyl/phenylalanyl-tRNA transferase [46]. In fact, ClpAPS is mainly the protease which 
degrades N-end rule substrates [47]. The N-motif rule could explain the observed variability 
between protein half-lives. 
 
2.2.3. Large-scale determinations of protein half-lives  
No large-scale study of protein half-lives in prokaryotes was published until now. In 
yeast, two studies present contradictory conclusions on measured protein half-lives. In Pratt et 
al. report [48], 50 protein turnover rates were determined by mass spectrometry using stable 
labeled amino acids in chemostat culture. Very heterogeneous degradation rates were 
measured and an average protein half-life was established around 31 hours. In a proteome-
wide study, Belle et al. [49] employed a direct measure of protein half-lives during 
exponential phase, using TAP-tagged proteins, and the average calculated protein turnover 
was much more lower around 45 minutes. It seems that the range of protein half-life is similar 
in prokaryotes, since modeling of protein half-lives in L. lactis established a median protein 
turnover from 23 to 224 minutes depending on growth conditions. Unlike mRNA half-lives, 
protein half-lives are in the same range or even higher than the generation time, indicating 
that dilution by growth can not be neglected at all (Figure 1). This point highlights the 
importance to integrate the dynamic dimension in protein regulation studies.  
 
3. Translation regulations 
Translational regulations depend on intrinsic mRNA control elements (sequence and 
structure features), and involve binding of different types of effectors, proteins (RNA binding 
proteins and ribosomes), RNAs and metabolites. 
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3.1. Sequence determinants  
Contributions of sequence features in the efficiency of translation initiation, elongation 
and termination were investigated in several bacteria. The strength of RBS/ribosome 
interaction has been used to estimate the efficiency of translation initiation in E. coli, B. 
subtilis [50] and D. vulgaris [51]. It is interesting to note that in E. coli, 30S ribosomal 
subunit attachment is mediated by a ribosomal protein S1. No homologue of S1 protein was 
found in B. subtilis, suggesting an increasing importance of RBS strength in this bacterium 
[52]. A translational enhancer, called downstream box because of its localization after start 
codon is supposed to interact with the 16S subunit for improving translation in E. coli. 
However, Rocha et al. [52] fell to find the same importance of this box in B. subtilis. 
Influence of the start codon nature and context on translation initiation was also investigated. 
In D. vulgaris, Nie et al. [51] determined that the most frequent start codon was ATG and that 
ATG was also the most efficient in this strain. According to Rocha et al. [52] translation 
initiation is the limiting rate most of time. So RBS and start codon should play major role in 
translation efficiency. In addition, negative effect on translation initiation of secondary 
structure that sequestered RBS was reported in L. lactis [53]. 
Concerning translation elongation, analysis of amino acid composition and gene 
expression levels in E. coli and B. subtilis proteomes shows an increasing usage of less 
energetically costly amino acids in abundant proteins [54]. A similar conclusion was reported 
in D. vulgaris [51]. In the three species, codon usage is biased towards “major” codons that 
are generally recognized by abundant tRNAs in order to enhance translational elongation rates 
[51, 54]. Thus, elongation could become the rate-limiting step when rare codons are used or 
amino acid availability is limited [52]. Using a modeling approach, Mitarai et al. [55] worked 
on the assumption that translation rate depends on codon, and therefore that ribosome on a 
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fast codon could collide with the preceding ribosome translating a slow codon. So, regarding 
codon bias, the authors concluded that translation time wasted because of ribosome-ribosome 
collisions could be reduced by generating mRNA with highly selected codon usage. 
In B. subtilis, Rocha et al. [52] reported different recognition efficiencies of release 
factors as a function of stop codon identity. In the same way, Nie et al. [51] showed in D. 
vulgaris the presence of an optimal stop signal composed of base C following the preferential 
stop codon, TAG and concluded that the importance of the stop codon context in affecting the 
translation efficiency should not be neglected. 
 
3.2. Riboswitch 
 Riboswitches are non coding RNA secondary structures that regulate gene expression 
at both transcriptional and translational levels. They respond to changes in concentrations of 
small molecule ligands, for instance nuclear bases, amino acids or sugars. Most of the time 
riboswitches are located in the 5‟UTR of gene encoding protein related to the metabolism of 
their ligands [56]. The binding of a specific metabolite allows an allosteric rearrangement of 
the riboswitch structure that leads to structuring of disordered regions. A riboswitch is 
composed of an aptamer region where ligand binds a platform region containing the RBS 
sequence. Inhibition of mRNA translation initiation occurs when RBS is sequestered in a 
stem-loop structure [57]. Riboswitches are widespread in bacteria, they mainly affect 
transcription in Gram-positive bacteria whereas in Gram-negative bacteria they predominantly 
act on translation repression [56]. For example, Winkler et al. [58] showed in E. coli that 
translation of mRNA encoding enzymes involved in thiamine synthesis is regulated by a 
riboswitch with an aptamer highly selective for its target ligand, thiamine.  
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3.3. sRNA 
Non coding RNAs (ncRNA) or small RNAs (sRNA) are modulators of gene 
expression and are grouped in three classes. Lower than 500 nucleotide-length, both first and 
second classes regroup sRNAs which act at the translational level. After pairing with the 
target mRNA, they induce mRNA structural rearrangements generating new cleavage sites 
leading to mRNA degradation. First class regroups cis-sRNAs [59] that present a perfect 
complementarity to their target mRNA sequence (in RBS or coding region). They either 
inhibit translation or destabilize mRNA. Cis-sRNAs usually do not require cofactors and are 
localized on plasmid or on bacterial chromosome. Second class includes trans-sRNAs which 
are encoded by distinct loci from their target transcript. Trans-sRNAs bind to non coding 
sequences and so exert indirect regulation on their target mRNA. Most of them require 
proteins such as Hfq. Third and last class of sRNA differs from others by acting at the 
transcriptional level. At first, sRNA were all considered as repressors but nowadays it is 
known that some sRNAs promote translation [60] such as DsrA (a cold shock protein) in E. 
coli which disrupts stem-loop structure by binding to its target, rpoS mRNA.  
 
3.4. Toxin-antitoxin system  
 Toxin level in cell can be under translational regulation via toxin-antitoxin systems. 
Toxin-antitoxin system consists in a stable toxin and an unstable antitoxin (a cis-acting sRNA 
or protein) encoded by the same operon. When both are expressed, antitoxin binds to its 
corresponding toxin and neutralizes it [61]. For example, Gerdes et al. [62] studied the 
hok/sok toxin-antitoxin system in E. coli. Translation of the “host killing” (hok) gene encoding 
a cell membrane toxin is indirectly blocked by binding of the “Suppression killing” (sok) cis-
sRNA antitoxin sRNA to a third gene, “modulation of killing” (mok) gene, that encompasses 
Étude bibliographique 
 
28 
 
hok RBS sequence. When the global translation machinery is defective, cis-sRNA is quickly 
degraded whereas toxin with a higher stability exerts harmful effects on cell. Same process is 
observed when antitoxin is a protein: in this case it is rapidly degraded by proteases such as 
ClpXP or Lon [61]. Pandey et al. [63] searched in more than one hundred bacterial genomes 
the presence of all known toxin-antitoxin loci. They noticed that host-associated organisms 
did not have such a locus in contrast to most of free-living prokaryotes. Interestingly, it 
appeared that L. lactis was devoid of it, maybe because of a limited exposure to severe stress 
due to its rich medium requirement for growth.  
 
3.5. RNA binding proteins (RBP)  
 In E. coli, when ribosomal proteins are in excess compared to ribosomal RNA, some 
regulatory ribosomal proteins function as translational repressors [60, 64]. Regulatory 
ribosomal proteins non-assembled in ribosome bind to their own mRNA. This binding causes 
transcript attenuation or rapid mRNA degradation. Since many ribosomal proteins are 
organized in operon in E. coli, repression of the regulatory ribosomal protein translation lead 
to translational inhibition of all downstream ribosomal protein genes. This feedback control is 
called auto-regulation. 
 Another well known example of a translational regulatory function of a RNA binding 
protein is the one of the hexameric Host Factor I (HFI or Hfq). Hfq regulates its synthesis by 
binding to two sites in the 5‟UTR of its own mRNA and inhibits formation of translation 
initiation complex. In addition, Hfq is involved as a cofactor in post-transcriptional regulation 
by helping at least 20 of the 46 trans-acting sRNAs known in E. coli [65]. Hfq interacts with 
sRNA and mRNA at an A/U-rich single-stranded region preferentially followed by a RNA 
helix in order to stabilize sRNA and to facilitate recognition of its target mRNA [66]. For 
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instance, Hfq is involved in ompA mRNA destabilization, ompA being the major outer 
membrane protein in E. coli. In this regulation, Hfq and sRNA micA bind to their target ompA 
mRNA and block translation initiation [67]. The resulting absence of ribosome binding on 
ompA mRNA leads to RNase E action and transcript degradation. 
 
3.6. Ribosome activity 
 When translating ribosome stalls for a long time on mRNA because of aberrant 
mRNA or presence of rare codons, trans-translation takes place. Trans-translation is a protein 
quality control mechanism during translation allowing ribosome recycling and degradation of 
both mRNA and native peptides which could be deleterious for the cell [68]. The centerpiece 
of this mechanism is the small stable RNA A (ssrA) or transfer-messenger RNA (tmRNA). 
The tmRNA is composed of an mRNA-like domain, with a short peptide reading frame, 
linked by a pseudoknot I to a tRNA-like domain with an acceptor stem [69]. This acceptor 
stem is recognized and charged by alanyl-tRNA synthetase. Two other protein factors are 
required for tmRNA activity: small protein B (smpB) and elongation factor Tu (EF-Tu). The 
first has a critical role in the first trans-translation step: smpB binds to tmRNA and to each 
ribosomal subunit, and so allows tmRNA entrance through ribosome. The second, EF-Tu, 
binds to amino acid acceptor arm to protect ester linkage of aminoacylated molecule. Stalled 
ribosome has a free A site that allows tmRNA binding. tmRNA replaces mRNA which will be 
rapidly degraded by RNase R. Alanine on tmRNA is then transferred to nascent peptide 
sequence. Hence, translation continues (without translation initiation factor binding) with 
tmRNA own reading frame sequence encoding a degradation motif. When translation ends, 
tagged protein is degraded by protease complex and ribosomes are released [69]. Trans-
translation is a eubacterial wide-spread mechanism not found in archebacteria and eukaryotes. 
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It is present in E. coli, B. subtilis and also L. lactis [70]. Composition and length of tmRNA 
reading frame are function of bacterial species, from 8 to 35 residues, the first amino acid 
being always alanine. 
In addition to trans-translation, ribosomal pausing on a rare codon can lead to reading 
frame shift of one nucleotide (+1 or -1 frame shift) to obtain a new codon with a 
corresponding tRNA more abundant in E. coli. Alternatively, ribosome could skip a part of 
mRNA sequence and so can reduce peptide sequence [71]. 
 Ribosome synthesis is another regulatory level of protein synthesis. A first mechanism 
called retro-regulation, to adjust ribosomal protein synthesis to rRNA synthesis in E. coli was 
already described in paragraph 3.5. on RNA binding proteins. In addition, the synthesis of 
ribosomal proteins can be controlled via a feedback loop in which guanosine tetraphosphate 
(ppGpp) acts as a feedback signal [64]. For instance, in E. coli, when amino acid pools are too 
low, ppGpp is synthesized via the ppGpp synthetase and accumulates. Higher ppGpp levels 
decrease the strength of rrnP1 promoter (promoter of rRNA operons), turning off ribosomal 
RNA synthesis and thus reducing de novo ribosome synthesis. 
  
3.7. Large-scale determinations of translation efficiency 
Most of the translation regulations described above are studied at the local level on 
particular mRNA. They are examples of specific translational control of particular mRNA 
models. It is thus difficult to project how substantial is the role of these translational 
regulations at the global level. Are these regulations widely or not extended in the whole 
genome and are they active in vivo? A first estimation in B. subtilis reveals that only 4 % of 
its genes are regulated at least in part by translation, by RNA control elements residing within 
mRNAs and involving bound effectors (proteins, RNAs and metabolites)[72].  
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Translation regulations can be evidenced at the genome scale by the comparison of the 
mRNA and proteins levels. Early studies of correlation between mRNA and protein 
expression levels on a genome-wide scale were first performed in the yeast Saccharomyces 
cerevisiae. The lack of correlation observed was explained by experimental errors, differences 
in in vivo protein half-lives and translational regulations [73-76]. Recently, large-scale 
analyses of mRNA expression and protein abundance data showed that the correlation 
between mRNA and protein abundance is also weak in prokaryotes. In E. coli, large-scale 
absolute protein expression measurements showed that only 47 % of protein abundance could 
be explained by mRNA concentration [77]. In D. vulgaris, Nie et al. [78] used a multiple 
regression approach in order to determine correlation between mRNA and protein abundance. 
mRNA data came from whole-genome microarrays analysis and protein concentrations were 
obtained by a LC/MS approach. According to them, mRNA abundance can explain only 20–
28 % of the total variation of protein abundance, suggesting that mRNA–protein correlation 
can not be determined by mRNA abundance alone. Among various factors affecting the 
mRNA-protein correlation, analytical variations in mRNA and protein abundance contributed 
to 34-44 % of the total variation of mRNA-protein correlation, mRNA sequence features to 
15-26 %, and protein and mRNA stabilities to 5 % and 2 %, respectively [51, 78]. In L. lactis, 
mRNA and protein abundances were weakly correlated independently of cell physiology state 
(Figure 3). Spearman coefficients of 0.42, 0.27 and 0.25 were found during exponential, 
deceleration and stationary phases, respectively. 
These weak correlations between mRNA and protein levels tend to show the 
importance of translation regulations in prokaryotes. In order to get a comprehensive overall 
view of translation efficiency and regulation, simultaneous analysis of the translational status 
of thousands mRNAs must be performed. Polysome profile analysis at a genomic level 
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reflects in vivo translatability of each mRNA, by giving assess to each mRNA ribosome 
occupancy and ribosome density. Ribosome occupancy is defined as the fraction of a given 
mRNA with at least one bound ribosome while ribosomal density is the number of ribosomes 
on active mRNAs divided by the transcript length. Large scale polysomal analysis was 
developed in yeast by combining polysome (ribosome/mRNA complex) fractionation and 
transcriptomic techniques [79, 80]. Up to now, the only genome-wide polysomal analysis in 
prokaryotes was performed in archaea [81]. Lange et al. [81] reported that 20 % of 
Halobacterium salinarum transcripts and 12 % of Haloferax volcanii ones were translated 
with non-average efficiencies. Mechanistic model developed for E. coli by Zouridis et al. [82] 
highlights polysome influence during translation. First, they pointed out that increased 
polysome size led to increased translation rate and suggested that polysomes self-organize to 
achieve maximum translation rates and second, they noticed that translation limiting step 
(initiation, elongation or termination) depends on estimated polysome size. 
 In the future, clustering of mRNA in subsets according to their translation efficiency 
will help to quantify the in vivo involvement of the different translation regulation 
mechanisms, for instance via in silico search of consensus sequences to riboswitch or sRNA 
in specific mRNA subsets. In addition, development of ribonomics approach [83] in 
prokaryotes could identify mRNA subpopulations associated with specific mRNA-RBP 
complexes. Comparison of those mRNA subpopulations with mRNA subsets generated via 
polysomal studies will provide in vivo implication level of RBP-based mechanisms in 
translation regulation. 
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4. Growth phase and stress effects on mRNA/protein stability and translation efficiency  
4.1. mRNA stability and mRNA translation initiation 
 As a function of growth phase or in response to changes in environmental growth 
conditions, turnover of a specific mRNA or a group of mRNAs can be modified. mRNA 
stability of some genes depends on growth phase. According to Kuzj et al. [84], three mRNA 
classes could be defined as a function of their stability during cell entry in stationary phase. A 
first class includes transcripts, such as cat mRNA, with increased stability in the stationary 
phase. A second class regroups mRNAs such as ompA mRNA which have a shorter half-life 
in stationary phase than in exponential phase. Finally, a third class contains mRNA with no 
change in stability during growth cycle. 
 tmRNA has an important role for growth during stress in both E. coli and B. subtilis. 
During amino acid starvation, faulty mRNA are recognized and eliminated by trans-
translation in E. coli [85]. In the same way, Muto et al. [86] studied ssrA depletion under 
several stress (high temperature, high concentration of ethanol or cadmium chloride) and 
concluded that trans-translation mediated by tmRNA is essential for growth under stress. A 
third study realized in B. subtilis completes these observations by showing that trans-
translation is necessary for growth at low temperature [87]. 
 Only two genome-wide analyses dealing with the response of mRNA stability to 
growth conditions in microorganisms are reported in the literature. The first one, the only 
study in prokaryotes, was performed in L. lactis during carbon starvation [20], the second 
concerns yeast mRNA stabilomes compared between two stress conditions that differ in cell 
response time [88]. During genome-wide adaptation of L. lactis to carbon starvation, an 
important increase of median half-lives in the deceleration and starvation phases (Figure 2) 
was observed indicating that mRNAs were globally stabilized in response to carbon starvation 
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[20]. This study highlights the importance of the mRNA stability control in gene expression 
response to adverse growth conditions. 
mRNA translation initiation is a second point of modulation for cell adaptation to 
environmental changes and during growth phases. At low temperature, mRNA tends to form 
secondary structures which disturb mRNA translation. To prevent formation of secondary 
structure in mRNA until ribosome binding and translation initiation, RNA chaperones are 
required. Among nine CSPs (Cold Shock Proteins) found in E. coli, three of them are RNA 
chaperones induced at low temperature. Moreover, these CSPs seem to interact with two cold 
shock-induced RNA helicases CshA and CshB in B. subtilis [89]. During adaptation to 
temperature, other proteins that belong to cold shock response, CsdA and RbfA, help 
ribosomal function. CsdA unwinds double stranded RNA favoring ribosome function [90]. 
RbfA is involved in ribosomal 16S maturation preventing polysome dissociation [91]. In 
addition, sRNAs (such as DsrA, OxyS, RhyB) often provide environmental signals for 
translation regulation under stress growth or suboptimal conditions [92] and cells could use 
sRNA for a rapid and transient activation of some genes in response to stress [93]. For 
example, DsrA sRNA is base pairing at low temperature to rpoS mRNA for enhancing 
translation of this gene which codes for a stationary phase sigma factor [92].  
Analogically to riboswitch, mRNA translation could be also modulated by secondary 
structure (that sequesters RBS) sensitive to temperature. For instance, thermosensitive 
structure regulates translation of the major and best characterized cold shock protein CspA 
[60]. 
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4.2. Protein stability 
Under stress conditions, ClpXP participates in protein quality control and SspB helps 
adjustment to stress response: in absence of SspB, induction of extracytoplasmic stress 
response is reduced and delayed [94]. In parallel, synthesis of chaperone proteins is induced. 
In E. coli, three major chaperone systems are involved in folding nascent peptides: trigger 
factor linked to ribosome, DnaK assisting translation, and GroEL which is involved in protein 
folding after ribosome release. 
 During high temperature stress, another protease family is required, called High 
temperature requirement A (HtrA) in E. coli. HtrA homologues are found in other Gram-
negative as well as Gram-positive bacteria such as L. lactis [95]. Three proteases are involved, 
called DegP, DegS and DegQ. These heat shock-induced proteases have neither ATP binding 
domain nor regulatory component. DegP function switches according to temperature: at low 
temperature DegP acts as a chaperone whereas at high temperature DegP degrades (unfolded) 
regulatory proteins involved in signaling pathway control. DegQ is poorly studied but its 
activity is vital and its substrate specificity seems to be the same than DegP. DegS differs 
from the two other proteins since DegS is a membrane-anchored protease and plays an 
important role in E stress response [96]. E stress response is induced when cells are exposed 
to extreme temperature causing most of protein synthesis arrest.  
 
4.3. Translation efficiency 
 Entry to stationary phase corresponds to formation of 100S particles in E. coli. 100S 
particle results of dimerization of 70S ribosomal complexes followed by Ribosome 
Modulation Factor (RMF) binding. 100S particle has no translational activity [97]. Wada et 
al. [98] noticed that translation inhibition was parallel to 100S formation in vitro and that 
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RMF expression was inversely proportional to growth rate. 100S association is reversible: cell 
transfer in stationary phase to fresh media causes 100S dissociation, rapid RMF degradation 
within one minute and translation activation. Other proteins could bind in addition to 100S 
particles: YfiA, Hibernation Promoting Factor (HBF or YhbH) and Stationary-phase-induced 
ribosome-associated-protein (SRA or s22) [97]. YfiA and HBF share 40 % of sequence 
homology, YfiA binds to either 70S ribosomal complex or 100S particles in stationary phase 
whereas HBF exclusively binds to 100S particles. Surprisingly, RMF binds to ribosomal 
dimers independently of these proteins [99]. Study of HBF function in vitro suggests that 
HBF must promote and stabilize 100S particles [100]. SRA binds exclusively to 30S 
ribosomal subunits during stationary phase. SRA protein synthesis is regulated by several 
global regulators of which ppGpp but its function remains unknown [101]. RMF was studied 
in cells under several stress. In nutritional stress, Izutsu et al. [102] found that ppGpp but not 
S induces RMF synthesis. RMF expression is also found during osmotic stress (cells in log 
phase) [103], heat stress (cells in stationary phase) [104] and under acidic conditions in 
exponential phase [105].  
 Global study of translation efficiency as a function of growth conditions was reported 
in L. lactis [106, 107]. For all genes encoding enzymes of glycolysis and lactate and mixed-
acid fermentative pathways, rate modeling shows an average of threefold increase in 
translational efficiency in cells grown on glucose compared to cells grown on galactose. In 
addition, under acid stress conditions, translational regulation has a major influence 
(compared to transcriptional regulation) in the change of glycolytic enzyme concentrations. 
At low pH, the calculated translational efficiency increases confirming that the translation 
apparatus of L. lactis is optimized under acidic growth conditions. More recently, a genome-
wide comparison of translational regulation between growing and stationary phase archaea 
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cells was reported [81]. In H. salinarum, translation of 1 % of all the genes is specifically 
repressed in either of the two growth phases. Specifically in exponential phase, almost 20 % 
of all transcripts analyzed are translated above-average efficiency and include genes for many 
ribosomal proteins, RNA polymerase subunits, enzymes and chemotaxis proteins. This high 
number of genes with coordinate differential translational regulation indicates that a common 
regulatory mechanism may exist. 
 
5. Conclusion 
  Gene expression regulation involves a multilevel process including two major steps, 
transcription of genes into mRNAs and their translation into proteins (Figure 1). In the past, 
translation regulation was often neglected in bacteria and until recently, most of the studies 
dedicated to translation regulations at the genomic scale were related to eukaryotes. However, 
recent integrative analyses of transcriptomic and proteomic data in prokaryotes have revealed 
also a modest correlation between mRNA expression and protein abundance, raising the 
importance of translational regulations also in prokaryotes. This review underlined the 
considerable progress made recently in our understanding of prokaryotic post-transcriptional 
regulations. Genome-wide analyses regarding mRNA turnover, protein stability and 
translation efficiency are now or will be soon available in bacteria. To gain the most from 
these genomic-scale studies, next challenge will be to integrate all those data related to 
different aspects of translational regulation to the complex process of gene expression 
regulation. This integrative approach will enable a deep understanding of the global cellular 
adaptation process. 
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Table 1. Summary of RNases found in E. coli and B. subtilis.  
1
Distributive: enzyme that removes one nucleotide from one molecule, releases its product (a 
nucleotide shorter) and works on another molecule. 
2
Processive: enzyme that degrades entirely a molecule before working on a second molecule. 
  
 
Enzyme E. coli 
members 
B. subtilis 
members 
Catalytic features  
Endonucleolytic 
enzymes 
 
RNase E  Belongs to degradosome complex 
Initiation of most mRNA decay 
Essential enzyme 
RNase G  Homologue to RNase E 
Limited action in mRNA decay 
No essential enzyme 
Endo and 
exonucleolytic 
enzymes  
 RNase J1 Paralogue to RNase E 
Enzyme that couples 3‟-5 
endonucleolytic and 5‟-
3‟exonucleolytic activities 
Essential enzyme 
 RNase J2 Paralogue to RNase E 
3‟-5 endonucleolytic and 
exonucleolytic enzyme 
No essential enzyme 
  RNase M5 5S ribosomal RNA maturation No essential enzyme 
 RNase Bsn No substrat specificity No essential enzyme 
RNase H Cleavage RNA-DNA hybrid 
molecules 
Essential enzyme in 
B. subtilis in contrast 
to E. coli 
RNase P Cleavage of transfer RNA 
precursors for 5‟tRNA end 
maturation 
Essential enzyme in 
E. coli and B. subtilis 
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RNase III Acting on double-stranded 
structures 
Essential enzyme in 
B. subtilis in contrast 
to E. coli 
Exonucleolytic 
enzymes 
RNase BN   3‟-5‟ distributive1 exonuclease No essential enzyme 
RNase D  3‟-5‟ distributive1 exonuclease No essential enzyme 
RNase II  3‟-5‟processive2 exonuclease, 
predominant activity in E. coli  
No essential enzyme 
RNase T  3‟-5‟distributive1 exonuclease No essential enzyme 
Oligoribonucl
ease 
 3‟-5‟ distributive1 exonuclease, 
specific for small 
oligoribonucleotides 
Essential enzyme 
 YhamM Acts on single stranded DNA and 
RNA 
No essential enzyme 
RNase R 3‟-5‟ processive2 exonuclease  
Helps cleavage of secondary 
structures and is required for trans-
translation 
No essential enzyme 
PNPase 3‟-5‟ processive2 phosphate 
dependent exonuclease 
No essential enzyme 
RNase PH 3‟-5‟ distributive1 phosphate 
dependent exonuclease 
No essential enzyme 
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Legends: 
 
Figure 1. Schematic process of gene expression regulations.  
µ: growth rate; k: mRNA degradation constant; k‟: translation efficiency; k‟‟: protein 
degradation constant; sRNA: silencing RNA; RBP: RNA binding proteins; RNases: 
ribonucleases. 
 
Figure 2. Half-life frequency distribution in exponential (open column), deceleration (light 
gray), and starvation (dark gray) phases during carbon starvation adaptation of L. lactis. 
(Figure 2 is from reference [20]) 
 
Figure 3. Correlation of mRNA and protein abundances in exponential (A), deceleration (B) 
and stationary (C) phases during batch culture of L. lactis. Both deceleration and stationary 
phases were obtained during isoleucine deprivation. 
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Figure 2 
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Figure 3 
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II. LE MECANISME DE LA TRADUCTION  
II.1. Le ribosome 
II.1.1. Structure 
Chez les bactéries, le ribosome est un complexe ribonucléique de 210Å constitué de 
54 protéines et de 3 ARN ribosomaux organisés en deux sous-unités (Kaczanowska & Ryden-
Aulin, 2007). Un ribosome bactérien a un coefficient de sédimentation de 70S et un poids 
moléculaire de 2520 kDa dont les 2/3 sont composés de larges molécules d‟ARNr 
(Williamson, 2009).  
La figure 2 ci-dessous représente un ribosome de la bactérie E. coli. De grandes 
similitudes ont été observées entre les ribosomes d‟E. coli et de L. lactis (Limas Nzouzi et al., 
1992; de Vries et al., 2006). La petite sous-unité ribosomale a un coefficient de sédimentation 
de 30S. Chez L. lactis (souche IL1403), cette petite sous-unité comprend un ARNr 16S de 
1547 nucléotides et 21 protéines, notées de S1 à S21. La grande sous-unité, 50S, contient 
deux ARNr 23S et 5S (respectivement 2900 nucléotides et 116 nucléotides) ainsi que 33 
protéines pour un poids moléculaire total de 1590 kDa (Limas Nzouzi et al., 1992; de Vries et 
al., 2006).  
Les ribosomes eucaryotes sont plus larges (80S et 2800 KDa) et se composent de deux 
sous-unités 40S et 60S. Avec un total de plus de 75 protéines ribosomales et de 4 ARNr, la 
teneur en ARNr et protéines présente un ratio proche de 1. La petite sous-unité 40S contient 
un ARNr 18S tandis que la grande 60S se compose de 3 ARNr nommés 28S, 5,8S et 5S 
(Warner, 1989). 
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II.1.2. Biogenèse 
Les gènes codant les ARNr sont organisés en opérons et sont au nombre de six dans la 
souche L. lactis IL1403 (de Vries et al., 2006). Ils présentent une organisation proche de celle 
observée chez E. coli avec, dans l‟ordre, les gènes codant les ARNr 16S, 23S et 5S. Ces gènes 
sont sous le contrôle de deux promoteurs en tandem P1 et P2 qui présentent des séquences 
riches en A et T en amont des régions consensus localisées en -10 et -35 par rapport au site de 
démarrage de la transcription, reconnues par l‟ARN polymérase.  
Chez E. coli, les promoteurs ribosomaux sont régulés positivement par le facteur de 
transcription Fis et négativement par le facteur H-NS ("nucleoid-associated protein") qui agit 
sur la conformation de l‟ARN polymérase. La concentration de ces deux protéines est 
fonction de l‟état de croissance de la cellule, avec un niveau d‟expression faible de Fis à faible 
taux de croissance ou lors de l‟entrée de la cellule en phase stationnaire, contrairement au 
facteur H-NS  (Schneider et al., 2003). Seules les Entérobactéries, bactéries à Gram négatif, 
portent sur le génome une séquence codante pour le facteur protéique Fis (de Vries et al., 
2006). Chez les bactéries lactiques, ces séquences promotrices des gènes codant les ARNr 
apparaissent ainsi dépourvues de sites de liaison au facteur de transcription Fis.  
Figure 2. Représentation de la structure d‟un ribosome 
70S d‟E. coli. 
 La petite sous-unité est illustrée à gauche avec 
l’ARNr 16S en bleu et les protéines (protéines S) en 
orange. La grande sous-unité se situe à droite avec 
l’ARNr 23S en rouge et les protéines de cette grande 
sous-unité (protéines L) en vert (Shajani et al., 2011) . 
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La maturation des sous-unités ribosomales s‟effectue via de nombreuses voies en 
parallèle avec un grand nombre d‟intermédiaires difficiles à détecter dans la cellule en 
croissance en raison de leur faible concentration. Les principaux intermédiaires observés in 
vivo sont les précurseurs des sous-unités 30S et 50S (notés respectivement p230S et p350S) 
qui co-sédimentent avec les sous-unités matures. Ces précurseurs contiennent toutes les 
protéines ribosomales et des ARNr en cours de maturation (Kaczanowska & Ryden-Aulin, 
2007; Shajani et al., 2011).  
La synthèse des ribosomes eucaryotes a lieu dans le noyau. Les ARNr se lient aux 
protéines ribosomales avant l‟exportation dans le cytoplasme des précurseurs 40S et 60S où se 
termine leur maturation. Les différentes étapes de maturation des sous-unités sont facilitées 
par 170 protéines accessoires (Fromont-Racine et al., 2003) contre une trentaine de cofacteurs 
d‟assemblage chez les Procaryotes (Shajani et al., 2011) . Par ailleurs, les RNases qui 
interviennent dans la maturation des ARNr chez E. coli et B. subtilis sont présentées dans le 
paragraphe 1.1.1 et le tableau 1 de la revue. 
 
II.1.3. Rétrocontrôle de l’expression  
Le niveau d‟expression des ARNr conditionne le niveau de synthèse des protéines 
ribosomales codées par 19 opérons chez E. coli (Nomura, 1999). L‟accumulation dans la 
cellule de ces protéines ribosomales libres induit une diminution de la traduction de leur 
ARNm, selon le mécanisme d‟auto-régulation présenté dans la revue (paragraphe 3.5). En 
effet, 10 protéines ribosomales ont été identifiées comme bloquant la traduction de leur propre 
ARNm, soit en induisant une modification structurale qui séquestre le site de liaison du 
ribosome soit en entrant directement en compétition avec les ribosomes (paragraphe 3.5 de la 
revue ; (Kaczanowska & Ryden-Aulin, 2007).  
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De plus, l‟expression des ARNr est sous la dépendance d‟une boucle de rétrocontrôle 
qui fait intervenir différents effecteurs pour assurer le maintien de l‟équilibre entre la 
disponibilité en acides aminés libres et la consommation imposée par la fonction ribosomale. 
Comme indiqué dans le paragraphe 3.6 de la revue, lorsque cette disponibilité en acides 
aminés diminue, le taux d‟activité des ribosomes décroît, ce qui conduit à activer la synthèse 
d‟une petite molécule senseur, le (p)ppGpp. Ce dernier va agir sur la force du promoteur P1 
pour réduire le niveau de synthèse des ARNr. Chez E. coli, ceci peut conduire à une inhibition 
de la vitesse de traduction de l‟ordre de 90 % (Svitil et al., 1993). A noter que ce rétrocontrôle 
peut aussi être activé lorsque le pool énergétique de la cellule décroît, conduisant à une 
diminution du chargement des ARNt (dépendant de l‟ATP) et/ou à une diminution de 
l‟activité des ribosomes (dépendante du GTP) (Dennis et al., 2004; Bremer & Dennis, 2008). 
Chez L. lactis, les gènes codant la voie de synthèse du (p)ppGpp et la mise en évidence de 
(p)ppGpp intracellulaire (Rallu et al., 2000) suggèrent que cette réponse est fonctionnelle dans 
ce micro-organisme. Elle serait impliquée de façon générale dans la réponse à un stress (Rallu 
et al., 2000; van de Guchte et al., 2002). 
 
II.1.4. Nombre de ribosomes et croissance 
La synthèse des ARNr est finement liée à la croissance bactérienne, avec plus de la 
moitié de l‟activité de l‟ARN polymérase dédiée en phase exponentielle à la transcription des 
gènes codant une fonction ribosomale (Bremer & Dennis, 1996). Il apparaît que ce n‟est pas 
tant le taux d‟activité des ribosomes que leur nombre qui est soumis à régulation. Ainsi, 
l‟augmentation du nombre de ribosomes chez E. coli est directement proportionnelle au taux 
de croissance, en cas d‟absence de limitation en substrat. (Bremer & Dennis, 2008). 
L‟estimation du nombre de ribosomes dans la cellule reste cependant imprécise, avec chez E. 
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coli 20 000 ribosomes en phase exponentielle pour Yun et al (Yun et al., 1996) contre un 
intervalle de 67 000 à 71 000 ribosomes, en fonction du taux de croissance, selon Bremer et 
Dennis (Bremer & Dennis, 1996). La fraction active de ribosomes (pourcentage de ribosomes 
engagés dans la traduction) a été mesurée récemment chez E. coli par Potrykus et al (Potrykus 
et al., 2011) . Elle varie en fonction du taux de croissance, avec une part active de 72% en 
phase exponentielle contre 81% en croissance lente. 
 
II.2. Rôle du ribosome dans la traduction  
La synthèse protéique est fortement couplée aux conditions de nutrition rencontrées 
par la cellule. La vitesse optimale de fonctionnement des ribosomes serait de 22 acides aminés 
polymérisés par seconde et par ribosome actif chez E. coli, à 37°C (Dennis et al., 2004). 
L‟assemblage complet du ribosome est requis pour initier la traduction d‟un ARNm.  
La petite sous-unité 30S assure le positionnement du ribosome sur l‟ARNm et contrôle 
la fidélité de traduction via la bonne liaison entre l‟ARNm et l‟ARNt. La grande sous-unité 
50S catalyse la formation de la liaison peptidique. L‟ARNt réalise la connexion entre la 
séquence d‟ARNm lue par triplet de nucléotides (correspondant à une unité nommée codon) 
et le peptide néosynthétisé. Un ARNt chargé comprend à une extrémité l‟anticodon, séquence 
complémentaire du codon lu sur l‟ARNm et de l‟autre l‟acide aminé correspondant. A noter 
qu‟il existe un ARNt spécifique du codon start : noté ARNtf
met
, cet ARNt initiateur est chargé 
avec un acide aminé méthionine formylé. 
La traduction est composée de trois étapes : l‟initiation, l‟élongation et la terminaison, 
schématisées par la figure 3 et détaillées ci-après. 
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II.2.1. L’initiation 
L‟initiation correspond à la liaison du ribosome sur l‟ARNm et à la formation d‟un 
complexe d‟initiation autour du codon start (figure 3).  
L‟extrémité 3‟ de la séquence de l‟ARNr 16S, présent dans la sous-unité 30S, 
interviendra dans le bon positionnement de cette sous-unité sur l‟ARNm. Le site de liaison sur 
le transcrit est situé dans la région 5‟UTR, 10 nucléotides en amont du codon start AUG. Ce 
site est nommé RBS ("Ribosome Binding Site") et porte aussi le nom de séquence Shine-
Dalgarno chez les Procaryotes. Il est composé de 4 à 9 nucléotides de long, son niveau de 
complémentarité avec l‟extrémité de l‟ARNr 16S conditionne la fréquence de l‟initiation 
(Chang et al., 2006).  
Les facteurs d‟initiation IF1 et IF2, l‟ARNm et l‟ARNt initiateur ARNtf
met
 s‟associent 
avec la sous-unité 30S pour former le complexe de préinitiation 30S. L‟ARNtf
met 
est conduit 
Figure3. Les différentes étapes de la traduction chez les Procaryotes (Schmeing & 
Ramakrishnan, 2009)  
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vers le site peptidyl P par IF1 et sa liaison sur l‟ARNm se fait sous l‟action du facteur IF2, 
actif seulement sous forme liée au GTP. IF2 favorise aussi la liaison de la grande sous-unité 
50S en augmentant l‟interface de contact entre les deux sous-unités. IF3 aide à la bonne 
interaction codon-anticodon et assure le désassemblage de ce complexe si un ARNt non 
initiateur est recruté ou si le codon ne correspond pas au codon start (figures 3 et 4) (Laursen 
et al., 2005; Myasnikov et al., 2009; Huang et al.).  
 
 
 
 
 
 
 
 
 
 
 
Certains ARNm dits "leaderless" sont dépourvus de région 5‟UTR. Lors de l‟initiation, 
ces ARNm se lient directement au ribosome entier 70S comprenant alors déjà l‟ARNtf
met
 
(Moll et al., 2002; Udagawa et al., 2004). 
La principale variable au niveau de l‟initiation est l‟ARNm dont la structure 
secondaire et la séquence déterminent son interaction avec la machinerie de traduction et par 
conséquent, l‟efficacité d‟initiation. Ainsi, l‟énergie de repliement (deltaG), la composition en 
bases autour du codon start et l‟énergie libre de liaison entre la séquence du RBS et 
Figure 4. Les étapes de l‟initiation de la traduction chez les bactéries (Laursen et 
al., 2005) 
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l‟extrémité 3‟ de l‟ARNr 16S ont été retenues comme facteurs de régulation de l‟initiation 
(paragraphe 3.1 de la revue). 
 
II.2.2. L’élongation 
L‟élongation consiste en un cycle de réactions où l‟ARNt chargé est recruté par le 
ribosome de manière spécifique au codon présent, l‟acide aminé correspondant est ajouté à la 
chaîne polypeptidique naissante puis le ribosome se décale d‟un pas de trois nucléotides sur 
l‟ARNm, soit d‟un codon. Ce processus requiert l‟hydrolyse de deux molécules de GTP et est 
assisté des facteurs d‟élongation qui agissent comme cofacteurs durant les différentes étapes 
du cycle d‟élongation. 
Trois sites d‟attache pour l‟ARNt sont présents dans la petite sous-unité 30S, à savoir 
les sites A ("Acceptor site"), P ("Peptidyl site"), E ("Exit site"). Au début du cycle 
d‟élongation, le ribosome a son site P occupé par un ARNt avec le peptide en cours de 
synthèse noté ARNt-1 (lors du premier cycle, ce sera par l‟ARNt initiateur) et le site A vide. 
L‟ARNm est décodé puis l‟ARNt chargé correspondant à ce codon est sélectionné et 
positionné dans le site A lors de l‟hydrolyse du GTP porté par le facteur d‟élongation EF-Tu. 
Le facteur EF-Tu-GDP se dissocie du ribosome ce qui déclenche le bon positionnement de 
l‟ARNt chargé. Le peptide en cours de synthèse fixé sur le précédent ARNt-1 (dans le site P) 
se lie avec le nouvel acide aminé présent sur l‟ARNt chargé (dans le site A). La réaction de 
transfert a ensuite lieu, libérant l‟ARNt-1. La translocation de l‟ARNm au sein du ribosome est 
médiée par la liaison du facteur d‟élongation EF-G et l‟hydrolyse d‟une molécule de GTP. Il 
en résulte les déplacements de l‟ARNt avec le néopeptide et l‟ARNt déchargé, respectivement 
des sites A vers P et P vers E (figure 3) (Schmeing & Ramakrishnan, 2009; Zaher & Green, 
2009a).  
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Au début de chaque cycle d‟élongation, un contrôle qualité avec EF-Tu prend place au 
niveau de l‟hélice codon-anticodon dans le site P afin de vérifier la bonne sélection de l‟ARNt 
chargé (Zaher & Green, 2009a). Le taux de mauvaise incorporation pendant la synthèse 
protéique est de l‟ordre de 6x10-4 à 5x10-3 chez E. coli. Il a été récemment mis en évidence 
qu‟une incorporation du mauvais acide aminé dans le néopeptide conduirait le plus souvent à 
une perte de la spécificité du site A du ribosome. En conséquence, l‟accumulation d‟erreurs 
qui en résulteraient, provoquerait un arrêt prématuré de la synthèse protéique (Zaher & Green, 
2009b). 
L‟étape d‟élongation est quant à elle dépendante du choix de codons utilisés 
(paragraphe 3.1 de la revue). 61 codons codent pour 20 acides aminés : la dégénérescence 
n‟est pas égale pour tous les acides aminés, certains ayant plus de codons synonymes que 
d‟autres. Pour un acide aminé donné, les codons synonymes ne sont pas utilisés à la même 
fréquence chez tous les gènes, induisant un biais de codon spécifique à chaque gène. Ce biais 
est mesuré par l‟Index d‟Adaptation du Codon ou CAI, défini par Sharp et al (Sharp & Li, 
1987). Compris entre 0 et 1, il décrit le degré de correspondance entre l‟usage de codons d‟un 
gène donné avec celui d‟un groupe de gènes de référence codant pour les protéines les plus 
efficacement exprimées (le plus souvent les protéines ribosomales et les facteurs 
d‟élongation) du micro-organisme considéré. Ce biais de codon a été étudié chez L. lactis 
(Fuglsang, 2003) et correspond au paramètre le plus utilisé pour déterminer l‟efficacité 
d‟élongation. 
 
II.2.3. La terminaison 
La terminaison intervient lorsque le codon stop est reconnu par un facteur de 
terminaison RF. Il existe un seul codon start mais trois codons stop : UAA et UAG reconnus 
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par le facteur RF1, UAA et UGA reconnus par RF2. Assisté par le facteur de terminaison qui 
se fixe dans le site A, la chaîne peptidique néosynthétisée est clivée de l‟ARNt du site P ce qui 
la libère du ribosome. Le facteur RF3 accélère alors la dissociation du facteur de terminaison 
RF1/2. Le facteur de recyclage RF avec le facteur EF-G assure le recyclage des sous-unités 
ribosomales pour initier un nouveau cycle de traduction (figure 3) (Schmeing & 
Ramakrishnan, 2009). 
La nature et l‟environnement du codon stop sont des paramètres influant la 
terminaison (paragraphe 3.1 de la revue). 
 
II.3.  Organisation spatiale du ribosome  
II.3.1. Localisation dans la cellule 
Les ribosomes sont localisés à l‟extérieur du nucléide chez les cellules procaryotes, avec une 
concentration plus importante aux niveaux des pôles sans pour autant que cette localisation 
soit liée à la fonction de division cellulaire (Lewis et al., 2000; Montero Llopis et al.). 
Mascarenhas et al ont émis l‟hypothèse que la colocalisation partielle de l‟ARN polymérase et 
des ribosomes pouvait s‟expliquer par la transcription des ARN messagers (10-20% de la 
transcription totale) qui se réaliserait aux frontières du nucléoide, au plus près des ribosomes 
(Mascarenhas et al., 2001). Les ARNt et ARNr, plus stables (Deutscher, 2006), seraient 
synthétisés au centre du nucléoide.  
 
II.3.2. Les polysomes 
 Chez les procaryotes, un ARNm est traduit en protéine au fur et à mesure de sa propre 
synthèse afin de minimiser le temps entre l'activation de la transcription d'un gène et 
l'obtention d'une protéine effective. Il a été observé sur une même molécule d'ARN plusieurs 
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ribosomes en cours de traduction, permettant la synthèse de plusieurs protéines simultanément 
(figure 5). Ce complexe ARNm-ribosomes est appelé polyribosome ou plus simplement, 
polysome (Warner et al., 1962).  
 
 
 
 
 
 
L‟organisation tridimensionnelle des polysomes chez E. coli a été étudiée par cryo-
électron tomographie (Brandt et al., 2009). Une organisation compacte indépendante du 
nombre de ribosomes fixés a été mise en évidence. Deux principales conformations entre 
ribosomes voisins ont été observées. La première conformation est dite inversée ("top-to-
bottom"), les sous-unités 30S voisines présentant un angle de 180° l‟une par rapport à l‟autre 
(figure 6A). La seconde, majoritaire (nommée"top-to-top"), correspond à un face à face des 
deux sous-unités 30S, avec la sortie de l‟ARNm d‟un premier ribosome à proximité de 
l‟entrée de l‟ARNm du ribosome voisin (figure 6B). De plus, il apparaît que malgré une 
distance de 5nm en moyenne entre les ribosomes, il existe une connexion entre eux via le bras 
des grandes sous-unités (figure 6C). Lorsque celle-ci est observée sur plusieurs ribosomes 
voisins, cela conduit à une structure hélicoïdale où l‟ARNm en cours de traduction est protégé 
à l‟intérieur de cette structure supramoléculaire. Le site d‟accès de l‟ARNt et celui de sortie 
du peptide en cours de synthèse sont eux exposés au cytosol, ce qui limite les interactions 
moléculaires entre les peptides naissants voisins. La compaction de l‟ARNm favoriserait le 
Figure 5. Représentation des chaînes de polysomes chez E. coli (Warner et al., 1962; 
Miller et al., 1970). Découverte la première fois par Warner et al (deux photos à 
gauche, (Warner et al., 1962). 
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rechargement en ribosomes, en réduisant la distance entre les extrémités 5‟ et 3‟ de l‟ARNm 
(Eldad et al., 2008; Arava, 2009). 
 
 
 
 
 
 
 
 
 
III. LE CONTROLE DE LA TRADUCTION DANS 
L’EXPRESSION GENIQUE 
La régulation de l‟expression génique est un programme stratifié hautement 
interconnecté et régulé via la transcription, la stabilité des ARN, l‟efficacité de traduction et la 
stabilité des protéines (cf figure 1 de la revue). La traduction est l‟étape de la voie la plus 
consommatrice en énergie. Il est estimé qu‟un nombre total de 4,3 équivalents phosphate est 
consommé par acide aminé ajouté au cours de la synthèse protéique (Neidhardt, 1990). Ceci 
suggère la mise en place, lors de l‟évolution, de régulations fines de ce processus. 
 
III.1.  Estimation de l’efficacité de traduction  
Le contrôle de la traduction est déterminé le plus souvent par une estimation indirecte 
de l‟efficacité de traduction, via la mesure des niveaux d‟ARNm et de protéines dans la 
B 
Figure 6. Représentation des deux classes de conformations des ribosomes voisins 
dans les polysomes. 6A. La conformation "top-to-bottom", notée t-b. 6B. La conformation 
"top-to-top", notée t-t. 6C. Agrandissement de la conformation t-t avec mise en évidence 
des sites de contact des ribosomes adjacents dans cette conformation t-t. La sous-unité 30S 
est colorée en jaune, la sous-unité 50S en bleu  (Brandt et al., 2009). 
 
 
C 
A 
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cellule. Dans la revue sont présentés (paragraphe 3.7) plusieurs travaux chez différents micro-
organismes, qui portent sur la comparaison des concentrations en ARNm et des niveaux de 
protéines correspondants. Tous mettent en évidence une faible corrélation entre ces deux 
variables, ce qui signifie que les variations de la concentration en ARNm (résultante de la 
transcription et de la dégradation) n‟expliquent qu‟en partie les variations de niveaux de 
protéines. Ces résultats suggèrent que le processus de traduction est régulé indépendamment 
de la transcription et que les régulations post-transcriptionnelles sont un des éléments clés de 
l‟expression génique.  
Récemment, plusieurs travaux ont estimé à l‟échelle "omique" l‟efficacité de 
traduction (k1) à partir des données de transcriptome, de protéome et de dégradome (figure 1) 
chez les mycoplasmes (Maier et al., 2011) et chez les Eucaryotes supérieurs en incluant aussi 
les données de stabilome (figure 1) (Schwanhausser et al., 2011). Chez L. lactis, Dressaire et 
al (Dressaire et al., 2009) ont modélisé les processus biologiques de traduction et de 
dégradation des protéines à partir des seules données de transcriptome et protéome. 
L‟ensemble de ces résultats mettent en évidence que les efficacités de traduction ne sont pas 
constantes. Elles sont dépendantes de l‟environnement de croissance de la bactérie et varient 
fortement selon la protéine considérée. Chez L lactis, les protéines impliquées dans la 
croissance ont par exemple été démontrées comme les plus efficacement traduites. 
 
III.2.  Les facteurs de régulation de la traduction 
L‟estimation des efficacités de traduction (paragraphe III.1) a mis en évidence la 
variabilité des régulations de la traduction vis à vis des différentes espèces d‟ARNm présentes 
dans la cellule. L‟ensemble des facteurs de régulation de cette efficacité de traduction ont été 
décrits dans la revue (paragraphe 3.1) et repris dans la partie II.2. Les biais de codon des 
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gènes et d‟acides aminés des protéines ainsi que la longueur de la séquence codante ont 
notamment été identifiés comme des variables déterminantes de l‟efficacité de traduction chez 
L lactis (Dressaire et al., 2009). Dans ce nouveau paragraphe, je présenterai les derniers 
travaux portant sur deux principaux facteurs de régulation, à savoir la capacité des transcrits à 
former des structures secondaires et le biais de codon de leur séquence codante.  
 
III.2.1. Les structures secondaires 
La structure secondaire de l‟ARNm occupe une part importante dans les différents 
mécanismes de régulation de la traduction détaillés dans la revue, tels les riboswitches 
(paragraphe 3.2) et les petits ARN (paragraphe 3.3). Leur formation est aussi dépendante des 
conditions environnementales (paragraphe 4.1 de la revue). L‟influence de la structure 
secondaire sur l‟efficacité de traduction a été étudiée quand celle-ci se forme dans la région 
5‟UTR, au début de la séquence codante ainsi que tout au long du transcrit. 
 Chez la levure, les données de séquençage de l‟ARNm montrent que l‟efficacité de 
traduction est d‟autant plus grande que les transcrits présentent une région 5„UTR dépourvue 
en structure secondaire stable (Kertesz et al., 2010) . Les ARNm codant pour les sous-unités 
ribosomales sont ainsi ceux présentant une région 5‟UTR la plus déstructurée. Similairement 
les travaux de S. Seo et al (Seo et al., 2009) mettent en évidence que l‟efficacité de traduction 
est largement impactée par la présence de structure secondaire dans la région 5‟UTR. En 
effet, la présence de structure au voisinage du codon start affecte l‟accès au site de fixation du 
ribosome (RBS), limitant les évènements d‟initiation.  
Chez E. coli, Kudla et al démontrent, à partir d‟une bibliothèque de gènes synthétiques 
présentant différents niveaux d‟énergie de repliement, que la structure de l‟ARNm au niveau 
du premier tiers de la région codante est corrélée négativement avec le niveau de protéine 
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(Kudla et al., 2009). Une étude plus large sur l‟ensemble du génome d‟E. coli met en évidence 
une faible énergie de repliement au début de la séquence codante, en accord avec la 
minimisation de la séquestration du RBS. Cependant, l‟absence de structure secondaire en 
début de séquence codante n‟est pas corrélée directement avec l‟efficacité de traduction d‟un 
gène en particulier, mais semble être plutôt un facteur d‟optimisation global de l‟expression 
de l‟ensemble des gènes, quelque soit leur niveau d‟expression (Tuller et al., 2010b). 
Enfin, les structures secondaires qui peuvent se former le long de la séquence codante 
ont aussi un impact sur l‟efficacité de la traduction en ralentissant la vitesse du ribosome 
(Tuller et al., 2010b). Leur étude le long de l‟ARNm, à partir des données de séquençage de 
l‟ARNm chez la levure, a révélé que la séquence codante était plus structurée que les régions 
5‟UTR et 3‟UTR (Kertesz et al., 2010). Lorsque le ribosome rencontre une "épingle à 
cheveux" ("hairpin") au cours de l‟élongation, il la déstabilise au niveau des nucléotides 
proches de son site d‟entrée, en "tirant" sur l‟ARNm pour ouvrir la structure (Qu et al., 2010) . 
L‟effet sur la traduction paraît plus réduit qu‟au niveau de l‟initiation car ces structures 
secondaires ne diminuent pas la liaison des facteurs d‟élongation. Cependant, Kertz et al ont 
mis en évidence que les transcrits avaient au sein de leur séquence codante un motif de 
structure d‟une période de trois nucléotides qui semblerait favoriser la traduction (Kertesz et 
al., 2010) . 
 
III.2.2. Le biais de codon 
L‟usage de codon au sein de la séquence codante module la vitesse d‟élongation lors 
de la traduction. Comme mentionné dans la revue (paragraphe 3.1), plus les codons lus auront 
un grand nombre d‟ARNt correspondants disponibles dans la cellule (reflété en partie dans la 
valeur du "tRNA Adapation Index", tAI), plus la vitesse d‟élongation sera optimisée. Ainsi, le 
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choix du codon n‟est pas aléatoire et se trouve hautement sélectionné pour optimiser la 
production de la protéine, à l‟instar des protéines ribosomales qui présentent le plus fort biais 
de codon, avec un CAI (tel que précédemment défini dans le paragraphe II.2.2) de 1.  
Est-ce que ce biais de codon agit spécifiquement sur l‟efficacité de traduction de 
certains ARNm individuellement ou est-ce un phénomène plus global d‟optimisation de la 
traduction (moins de temps passé par chaque ribosome à traduire la séquence) pour tendre 
vers un fonctionnement optimal ("fitness" métabolique) de la cellule? Pour répondre à cette 
question, différents niveaux de biais d‟une même séquence codante ont été créés 
artificiellement chez E. coli (Kudla et al., 2009).Dans cette étude, aucun lien n‟a été observé 
entre le niveau de biais d‟un gène donné et celui de la protéine correspondante. Par contre, 
d‟autres études réalisées sur l‟ensemble des gènes d‟un génome donné (et non sur un panel de 
gènes artificiels) ont révélé une relation significative entre le niveau d‟expression d‟un gène et 
son usage de codon (chez la levure avec la mesure du tAI (Man & Pilpel, 2007; Tuller et al., 
2007), et chez L. lactis avec la mesure du CAI (Dressaire et al., 2010). Chez L. lactis, le biais 
de codon est même l‟un des déterminants majeurs du niveau de protéine (Dressaire et al., 
2010).  
Une étude locale d‟usage de codon réalisée sur les génomes de plusieurs micro-
organismes a permis d‟estimer l‟efficacité de traduction de chaque codon de la séquence 
codante. Elle révèle une caractéristique commune à l‟ensemble des micro-organismes testés : 
l‟efficacité de traduction moyenne est plus faible au début de la séquence codante (sur les 30 à 
50 premiers codons) avant d‟atteindre un plateau maintenu jusqu‟à la fin de la séquence 
(Tuller et al., 2010a). Ce goulet d‟étranglement en début de séquence conduit à un trafic local 
en ribosomes plus important qu‟en aval de la séquence. Ceci permettrait de réduire le 
décrochage des ribosomes en évitant des collisions ou des embouteillages au niveau de 
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codons rares de la séquence (paragraphe 3.6 de la revue) augmentant ainsi l‟efficacité globale 
de traduction. Cette rampe de ribosomes en début de séquence pourrait aussi avoir un rôle 
dans le repliement des protéines, en favorisant les interactions entre les néopeptides et les 
protéines chaperones (Zhang & Ignatova, 2011) . 
Chez la levure, l‟importance de l‟ordre des codons dans la séquence codante sur la 
vitesse de traduction a été démontrée (Cannarozzi et al.). La succession de codons identiques 
ou à défaut de codons synonymes assurerait ainsi une augmentation de la vitesse de traduction 
par rapport à une même séquence avec une dispersion de ces codons. Cette augmentation de 
la vitesse de traduction serait le fruit de la réutilisation locale des ARNt qui resteraient 
associés aux ribosomes, garantissant une disponibilité immédiate de l‟ensemble de la 
machinerie de traduction pour le prochain codon. Les séquences qui réutilisent de cette façon 
les ARNt sont ainsi exprimées plus efficacement que les séquences qui imposent un 
changement d‟ARNt. Cette conclusion est d‟autant plus significative pour les ARNt non 
fréquents (liés aux codons rares) où cette pression de réutilisation est la plus forte. 
 
III.3. L’étape limitante de la synthèse protéique  
La recherche des facteurs de régulation de la synthèse protéique au sein même des 
étapes de traduction a pour objectif de hiérarchiser leur importance et ainsi de mettre en 
évidence le nœud de régulation de la synthèse protéique. L‟initiation a été longtemps établie 
comme l‟étape clé de la traduction (McCarthy, 1998). Cette hypothèse considère que la 
traduction est essentiellement régulée par l‟énergie de repliement de l‟ARNm au voisinage du 
RBS. Cependant, des travaux sur l‟identification des facteurs déterminants de l‟efficacité de 
traduction qui intègrent les deux étapes d‟initiation et d‟élongation au sein d‟une même étude 
conduisent à nuancer aujourd‟hui ce postulat.  
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Par une approche de modélisation mécanistique (c'est-à-dire en détaillant toutes les 
réactions composant les étapes de traduction), Mehra et al ont recherché quels paramètres 
cinétiques de la traduction expliquaient les faibles corrélations entre les niveaux d‟ARNm et 
de protéines chez E. coli. Leurs résultats démontrent la nécessité de prendre en compte l‟étape 
d‟élongation via l‟usage des codons car tous les ARNm ne seraient pas limités par l‟étape 
d‟initiation (Mehra et al., 2003; Mehra & Hatzimanikatis, 2006). De plus, à partir des données 
de transcriptome et de protéome, il a été recherché les paramètres décrivant le mieux le niveau 
de protéines chez les micro-organismes par une approche de modélisation déterministe 
(Lithwick & Margalit, 2003; Nie et al., 2006). L‟un de ces travaux réalisé chez E. coli, 
conclut que les caractéristiques liées à l‟élongation (usages de codon et d‟acides aminés) ont 
un rôle majeur sur les niveaux d‟expression protéique, tandis qu‟une influence mineure a été 
attribuée à la séquence du RBS et aux environnements du codon start et stop (Lithwick & 
Margalit, 2003). Enfin, plus récemment, il a été suggéré que la régulation de la traduction 
ferait intervenir l‟initiation et l‟élongation. L‟efficacité de traduction serait donc liée à un 
paramètre clé de l‟étape d‟élongation (biais de codon) avec une modulation de cette relation 
par un facteur de l‟étape d‟initiation, l‟énergie de repliement de l‟ARNm (Tuller et al., 2010b; 
Kahali et al.).  
 
III.4. L’influence du nombre de ribosomes  
La régulation traductionnelle semble être la première réponse mise en place chez la 
levure, suite à un stress environnemental. En effet, les profils des complexes ARNm-
ribosomes montrent une augmentation de la proportion des monosomes au détriment de celle 
des polysomes (Kuhn et al., 2001; MacKay et al., 2004; Melamed et al., 2008; Warringer et 
al.). Ainsi, les transcrits intervenant directement dans la réponse à cette perturbation pourront 
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être dans un premier temps mobilisés rapidement par les ribosomes avant que l‟augmentation 
de leur concentration soit effective, assurant une réponse plus durable (Warringer et al., 
2010). Une seule étude a été menée chez les procaryotes (archaebactéries), avec la 
caractérisation de deux phases de croissance (Lange et al., 2007). Comme indiqué dans la 
revue (paragraphes 3.7 et 4.3), ces auteurs observent et quantifient la présence d‟une 
régulation traductionnelle au cours de la croissance. De plus ils soulignent une spécificité de 
cette régulation suivant les souches d‟archaebactéries étudiées. Par ailleurs, la modélisation de 
l‟ensemble du processus de traduction chez E. coli révèle que la vitesse spécifique de synthèse 
protéique augmente avec le nombre de ribosomes fixés sur chaque transcrit jusqu‟à atteindre 
un maximum de 44 acides aminés par seconde, correspondant à une densité proche de la 
densité maximale (3,2 ribosomes par 100 nucléotides) (Zouridis & Hatzimanikatis, 2007). Par 
conséquent, le nombre de ribosomes fixés sur les ARNm apparaît être le meilleur descripteur 
de l‟activité de traduction. En effet, ce paramètre reflète les divers mécanismes de régulations 
sur les différentes étapes de synthèse protéique, représentant ainsi au mieux l‟efficacité de 
traduction.  
Ainsi les études portant sur le contrôle au sein de la traduction utilisent ce nombre de 
ribosomes et la densité en ribosomes correspondante pour déterminer l‟implication de 
chacune des étapes, à savoir l‟initiation, l‟élongation et la terminaison, dans la régulation de la 
traduction. Ce type de données expérimentales est aujourd‟hui encore extrêmement rare. Elles 
sont en effet disponibles pour la levure (Arava et al., 2003) mais n‟ont encore jamais été 
produites pour une bactérie. Dans ce contexte, l‟influence de la densité en ribosomes a été 
estimée in silico chez E. coli (Mehra & Hatzimanikatis, 2006; Zouridis & Hatzimanikatis, 
2007). Une valeur seuil de densité ribosomale de 1,7 ribosomes par 100 nucléotides a été 
déterminée au-dessus de laquelle l‟élongation devient l‟étape limitante à la place de 
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l‟initiation (Mehra & Hatzimanikatis, 2006). Au-delà, lorsque la densité en ribosomes est 
maximale, la limitation se situe au niveau de la terminaison (Zouridis & Hatzimanikatis, 
2007).  
A partir des mesures expérimentales du nombre de ribosomes présents sur chaque 
ARNm, la proportion de ces ARNm en traduction peut être quantifiée. Cette mesure donne 
accès à l‟analyse du contrôle par l‟initiation pour chacun des transcrits : un grand nombre 
d‟ARNm recrutés dans les complexes polysomiques signifiera une initiation rapide. Chez la 
levure, la majorité des ARNm est liée à au moins un ribosome en phase exponentielle de 
croissance (Arava et al., 2003). Un motif de séquence à proximité du codon start a été, de 
plus, identifié pour le panel de gènes avec les pourcentages les plus élevés de molécules 
d‟ARNm en traduction (Gingold & Pilpel, 2011) . Une densité en ribosomes inférieure à la 
densité maximale théorique a été mesurée expérimentalement chez la levure, indiquant que la 
traduction de la majorité des ARNm (plus de 99,5% des ARNm) serait limitée par l‟initiation 
ou le recyclage des sous-unités ribosomales (Arava et al., 2003). La mesure de la densité 
locale en ribosomes chez la levure révèle par ailleurs que cette densité n‟est pas uniforme le 
long de la séquence codante (Ingolia et al., 2009). Elle est ainsi trois fois plus élevée sur les 
30 à 40 premiers codons que sur le reste de la séquence codante, ce qui renforce la notion de 
rampe d‟efficacité de traduction précédemment présentée (paragraphe III.2.2).  
La diminution de la densité le long de la séquence codante pourrait être aussi attribuée 
à une augmentation de la vitesse d‟élongation au cours de la traduction du transcrit (Ingolia et 
al., 2009). Cependant, l‟analyse de la relation entre l‟étape d‟élongation et la densité en 
ribosomes a donné des résultats contradictoires. Une première équipe travaillant sur des 
levures en phase exponentielle de croissance ne trouve pas de lien entre la densité en 
ribosomes et le biais de codon (Arava et al., 2003; Pnueli & Arava, 2007) tandis que la 
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seconde avec des levures en phase stationnaire observe une plus grande densité sur les 
transcrits avec un biais de codon élevé (MacKay et al., 2004). Cependant, par modélisation, il 
a été montré que la localisation des codons les plus influents sur la vitesse de synthèse 
protéique varierait en fonction de la taille du polysome (Zouridis & Hatzimanikatis, 2008). 
Ainsi, les codons localisés au niveau de l‟extrémité 5‟UTR contrôleraient l‟étape d‟élongation 
pour les ARNm avec une petite taille de polysome tandis que l‟élongation des transcrits avec 
un grand nombre de ribosomes fixés serait régulée par les codons localisés à l‟extrémité 
3‟UTR. 
 
IV. MESURE EXPERIMENTALE DU TRADUCTOME 
Différents mécanismes ("RNA Binding Proteins", petits ARN, riboswitches 
paragraphes 3.2 à 3.6 de la revue) impliqués dans la régulation post-transcriptionnelle ainsi 
que les déterminants influençant la vitesse de traduction (partie III.2) ont été étudiés. Mais de 
rares études portent sur une quantification de ces régulations à l‟échelle "omique" (paragraphe 
3.7 de la revue). L‟amélioration de la compréhension de ces régulations nécessite la 
caractérisation de l‟étape de traduction pour l‟ensemble des ARNm de la cellule. Ceci est 
accessible par la mesure du traductome (figure 1). Le traductome correspond à la photo de 
l‟état de traduction de chaque ARNm au sein de la cellule, à un instant donné. Sa mesure 
donne accès au nombre de ribosomes fixés sur chaque transcrit. Or, comme mentionné dans la 
précédente partie (partie III.4), ce paramètre reste le meilleur descripteur de l‟efficacité de 
traduction. 
Cette partie, plus technique, consiste en la description de la mesure du traductome, et 
présente en particulier les différentes résolutions d‟un traductome que l‟on peut obtenir ainsi 
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que les deux angles d‟approches complémentaires de l‟étude de la densité en ribosomes, à 
savoir densité moyenne ou locale. 
IV.1. La densité moyenne en ribosomes 
IV.1.1. Technique de séparation 
Il s‟agit de déterminer le profil polysomique de l‟ensemble des ARNm présents dans 
la cellule à un instant donné. Après la lyse cellulaire, les complexes ARNm-ribosomes sont 
isolés et séparés en fonction de leur taille par migration sur un gradient linéaire de saccharose, 
les pourcentages en saccharose s‟échelonnant le plus souvent de 10% à 50%. Le profil 
d‟élution du gradient (obtenu par la mesure de l‟absorbance dans l‟ultraviolet) donne accès à 
la composition en ribosomes de chacune des fractions récoltées. Ainsi sont identifiées les 
fractions ne contenant aucun complexe ribosomique, celles correspondantes aux petite et 
grande sous-unités ribosomales, celles contenant un monosome, c'est-à-dire un ribosome 
complet, et enfin les fractions composées de polysomes (figure 7). En fonction du niveau de 
résolution souhaité, les fractions sont plus ou moins regroupées entre elles. Les ARNm 
présents dans ces échantillons sont ensuite identifiés et quantifiés classiquement par des 
analyses de type puces à ADN (Wang et al., 2004; Koritzinsky & Wouters, 2007; Melamed & 
Arava, 2007).  
Une étape préalable à la séparation des complexes ARNm-ribosomes peut être ajoutée 
afin d‟éviter toute co-précipitation de complexes protéiques autres que les ribosomes. 
Cependant cet isolement préalable implique la construction d‟une protéine ribosomale de 
fusion avec une étiquette de purification (Halbeisen et al., 2009; Mustroph et al., 2009). Par 
conséquent, cela conduit à modifier la machinerie de traduction de la souche d‟intérêt et ne 
permet pas d‟exclure une perturbation dans l‟expression protéique.  
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Figure 7. Représentation des différents niveaux de résolutions du traductome. 7A. 
Comparaison binaire. 7B. Comparaison des différents niveaux de traduction. 
Les complexes ARNm-ribosomes sont séparés en fonction de leur taille 
sur un gradient de saccharose. Le gradient est ensuite élué et l’analyse du 
traductome regroupe différents niveaux de résolution. 7A. Comparaison binaire 
entre ARNm peu traduits (libres ou en monosomes) et ceux traduits (en 
polysomes). 7B. Comparaison des différents niveaux de traduction en fonction du 
nombre de ribosomes fixés sur les ARNm. La référence correspond dans les deux 
approches à un échantillon d’ARNm non séparé sur gradient de saccharose. Les 
ARNm sont identifiés et quantifiés par transcriptomique. 
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IV.1.2. Différents niveaux de résolution 
Le traductome est le plus souvent mesuré dans deux états cellulaires, avant et après 
une perturbation (stress, changement de phase de croissance), afin d‟évaluer la mise en place 
de la réponse traductionnelle (Kuhn et al., 2001; Lange et al., 2007; Melamed et al., 2008; 
Warringer et al., 2010). L‟étude se focalise alors sur la variation du taux de traduction d‟un 
ARNm donné, connaissant dans les deux états cellulaires le pourcentage d‟ARNm en 
traduction et les proportions d‟ARNm chargés en polysomes et en monosomes (Figure 7A). 
Cette analyse binaire renseigne sur le niveau de traduction (faible/fort) des ARNm sans pour 
autant détailler le nombre de ribosomes fixés sur chaque transcrit.  
Une étude plus détaillée du profil de traduction des ARNm consiste à identifier et 
mesurer, outre la proportion d‟ARNm en traduction, la distribution de cet ARNm pour les 
différentes tailles de polysomes (Figure 7B) (Arava et al., 2003; MacKay et al., 2004). Cette 
résolution du profil permet de déterminer le taux de chargement en ribosomes de chaque 
transcrit. Pour chaque ARNm, la normalisation du nombre de ribosomes le plus fréquemment 
observé par la longueur de la séquence codante donne accès à la densité en ribosomes. Ce 
paramètre du traductome donne des renseignements quant à l‟implication de chacune des 
étapes dans la régulation de la traduction : une faible densité pourrait être associée à peu 
d‟événements d‟initiation réussis tandis qu‟une densité élevée correspondrait à une 
accumulation de ribosomes sur la séquence codante avec une limitation localisée au niveau de 
l‟élongation ou de la terminaison.  
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IV.2.  La densité locale en ribosomes 
La mesure de la densité moyenne en ribosomes indique le nombre global de ribosomes 
sur un ARNm mais pas leur répartition le long de ce transcrit. Or un même nombre de 
ribosomes peut refléter des taux d‟initiation, d‟élongation et/ ou de terminaison différents 
induisant des densités locales en ribosomes variables au sein d‟un même transcrit. Deux 
méthodes permettent de déterminer la répartition des ribosomes sur les ARNm, avec des 
niveaux de résolution différents ; elles seront présentées ci-dessous. Leur intérêt commun est 
de déterminer la position des ribosomes le long d‟un transcrit y compris dans les séquences 
non traduites (UTR).  
 
IV.2.1. Cartographie de la densité en ribosomes  
La méthode "Ribosome density mapping" dérive de l‟étude du profil détaillé du 
traductome présentée dans la partie IV.1.2. Pour une taille de polysomes donnée, il sera 
possible de déterminer le nombre de ribosomes sur différentes régions choisies de l‟ARNm. 
En pratique, les polysomes sont séparés en fonction de leur taille, sur gradient de saccharose. 
Les fractions d‟élution correspondant à une taille de polysomes d‟intérêt sont sélectionnées. 
Les complexes ARNm-ribosomes présents sont clivés au niveau de sites spécifiques de 
l‟ARNm puis les produits de clivage sont séparés en fonction de leur charge en ribosomes sur 
un second gradient de saccharose. Les fragments d‟ARNm présents dans chaque fraction 
d‟élution du gradient sont identifiés (figure 8) (Arava et al., 2005; Eldad & Arava, 2007; 
Eldad et al., 2008).  
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Dans l‟hypothèse d‟une efficacité de traduction optimale, la distribution des ribosomes 
doit être uniforme le long de l‟ARNm. Si pour un même nombre de ribosomes fixés, une 
densité en ribosomes plus faible est détectée au niveau de l‟extrémité 3‟de la séquence 
codante, cela peut signifier que des décrochages de ribosomes ont lieu au cours de la 
traduction. Une limitation par la terminaison devrait se traduire par une accumulation de 
ribosomes en fin de séquence codante, alors qu‟au contraire, une limitation de l‟élongation au 
niveau des premiers codons engendrerait une accumulation de ribosomes en début de 
Figure 8 Représentation des différentes étapes de la cartographie de la densité en ribosomes 
comme développée chez la levure (Eldad & Arava, 2007) 
Les complexes ARNm-ribosomes sont séparés en fonction de leur taille, sur un gradient de 
saccharose. Pour un nombre de ribosome donné, les complexes ARNm-ribosomes 
correspondant sont soumis à l’action d’une RNase et les fragments obtenus sont de nouveau 
séparés en fonction de leur taille. La mesure de la taille de ces fragments par Northern blot 
indiquera la répartition des ribosomes le long de l’ARNm (localisation en début ou fin de 
séquence dans l’exemple donné). 
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séquence (Pnueli & Arava, 2007). Cette technique ne peut être transposée à grande échelle en 
raison des contraintes expérimentales importantes qui lui sont associées. 
 
IV.2.2.  Empreinte du ribosome ("toeprinting " ou "footprinting") 
La technique nommée "empreinte" du ribosome repose sur la protection stérique que 
confère celui-ci à l‟ARNm sur lequel il est fixé, et plus particulièrement à la trentaine de 
nucléotides qu‟il recouvre. Deux méthodes sont disponibles pour localiser les séquences 
protégées par le ribosome : l‟une repose sur la synthèse du brin complémentaire de l‟ARNm 
("toeprinting"), l‟autre dégrade toute séquence non protégée par le ribosome ("footprinting"). 
La première méthode utilise une amorce radiomarquée qui va être hybridée à une 
extrémité de l‟ARNm (figure 9A). La synthèse du brin complémentaire sera effective jusqu‟à 
la rencontre d‟un ribosome : la détection est alors inversée, puisque seules les séquences 
couvertes par le ribosome ne sont pas synthétisées (Sachs et al., 2002). Cette technique 
s‟utilise par exemple pour étudier in vitro les taux d‟initiation de transcrits particuliers 
(Schaefer et al., 1989; Sachs et al., 2002).  
La seconde méthode de détection utilise les enzymes de dégradation de l‟ARN. Sous 
l‟action de ces RNases, seuls les fragments d‟ARNm protégés par le ribosome ne sont pas 
dégradés (figure 9B). Cette technique déjà expérimentée depuis de nombreuses années 
(Huttenhofer & Noller, 1994) a connu un nouvel essor avec l‟apparition des techniques de 
séquençage applicables aux courts fragments d‟ARN. Elle a été par exemple récemment 
utilisée pour étudier le traductome chez la levure (Ingolia, 2010)  
Cette technique donne accès à la position exacte de chaque ribosome le long d‟un 
transcrit et donc pour une zone donnée d‟un ARNm, à la densité locale en ribosomes. Des 
variations de densités locales au sein d‟un même ARNm permettent d‟identifier la présence de 
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régulations de la vitesse d‟élongation le long de la séquence codante. La comparaison des 
densités locales en ribosomes de régions 5‟UTR de différents transcrits peut renseigner sur 
l‟affinité de liaison du ribosome pour ces séquences 5‟UTR et permettre ainsi d‟identifier des 
motifs de séquence impliqués dans l‟efficacité d‟initiation de la traduction. 
Figure 9 Représentation des différentes méthodes d‟une analyse par empreinte. A. 
méthode dite "toeprinting". B.méthode dite "footprinting". 
Les deux méthodes reposent sur le principe de la protection stérique du ribosome, 
lorsqu’il est fixé sur l’ARNm.  
A. La longueur de la sonde ADNc radiomarquée indiquera la position du premier 
ribosome rencontré.  
B. L’analyse des fragments d’ARNm protégés indiquera la localisation et le nombre de 
ribosomes présents le long de la séquence. 
Isolement des 
fragments ARNm
"footprint"Action RNAse I
Complexes 
ARNm-ribosomes
Absence de ribosome sur 
l‟ARNm: synthèse complète du 
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V. LA PROBLEMATIQUE DE THESE  
V.1. La démarche  
L‟étude d‟un système biologique peut être abordée par différents volets. Tout d‟abord, 
par la physiologie en identifiant les propriétés de ce système et ses interactions avec 
l‟environnement dans lequel il évolue. Les études biochimique et moléculaire vont apporter 
une caractérisation des macromolécules à l‟intérieur de ce système. Cependant, chaque 
composant de ce système biologique va être dépendant de l‟ensemble et évoluer en fonction 
du comportement des autres molécules. Une compréhension exhaustive d‟un système 
nécessite donc d‟intégrer les différents niveaux d‟organisation et d‟interaction entre les 
macromolécules qui régissent le comportement de la cellule.  
La biologie intégrative ou biologie des systèmes propose cette approche. Elle est 
intimement liée aux mathématiques. Des outils statistiques sont en effet nécessaires pour 
analyser et comparer la grande quantité de données hétérogènes générées à chaque niveau de 
régulation. A partir de l‟ensemble de ces données expérimentales, des outils de modélisation 
statistique vont faire émerger sans a priori des tendances communes (corrélations), et 
identifier les principaux facteurs biologiques de régulation (déterminants). Une modélisation 
par réseaux mettra en évidence les nœuds de régulations et les interactions entre différents 
processus biologiques d‟un système. Enfin, une modélisation mécanistique du système 
biologique intégrant les différents niveaux de régulation pourra être réalisée pour en extraire 
de nouvelles propriétés qui seront ensuite testées expérimentalement puis ajoutées au modèle 
pour en affiner la justesse de description (Westerhoff et al., 2009). 
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V.2. Le contexte et les objectifs 
La famille des bactéries lactiques se caractérise par des micro-organismes à Gram 
positif capables de convertir les sucres en acide lactique. Lactococcus lactis subsp. lactis 
IL1403 est l‟organisme modèle des lactocoques et plus largement de ces bactéries lactiques. 
L‟espèce L. lactis, naturellement présente dans les sols et sur des végétaux, est largement 
employée dans l‟industrie alimentaire lors de la fabrication de produits laitiers fermentés. Son 
utilisation plus récente comme outil cellulaire (Morello et al., 2008) producteur de protéines 
hétérologues, se développe, notamment dans le secteur pharmaceutique en raison de son 
innocuité et de la maniabilité de son génome (Bahey-El-Din et al., 2010; Pontes et al., 2011).  
L. lactis subsp. lactis IL1403 a été la première bactérie lactique à avoir été séquencée 
(Bolotin et al., 2001) avec un génome de 2,35 Mb, comprenant 2310 "Open Reading Frames" 
et une longueur moyenne de séquence codante de 879 bp. La petite taille de son génome et la 
relative simplicité de son métabolisme fait de cette bactérie un modèle d‟intérêt pour 
l‟approche de biologie des systèmes.  
De par son habitat naturel et son utilisation dans des procédés industriels, L. lactis est 
régulièrement confronté à des stress nutritionnels et/ou physico-chimiques, ce qui l‟a conduit 
à développer des mécanismes efficaces de réponses au stress. En effet, en absence de facteur 
sigma alternatif de stress exprimé chez cette bactérie (Bolotin et al., 2001), des mécanismes 
originaux de régulation ont été mis en place (Kim et al., 2002; van de Guchte et al., 2002). La 
physiologie d‟adaptation de cette bactérie lors d‟une limitation en acides aminés (carence en 
azote) a été précédemment caractérisée (Dressaire et al., 2010) par l‟intégration des données 
de protéome et de transcriptome couplée à une analyse macro-cinétique. Ainsi, il a été 
observé que, chez L. lactis comme chez d‟autres micro-organismes, les variations en 
concentrations d‟ARNm n‟expliquent que partiellement les variations correspondantes en 
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protéines (Dressaire et al., 2010). La prise en compte des régulations de l‟étape de traduction 
est apparue comme le chaînon manquant pour une meilleure compréhension de la régulation 
de l‟expression génique (Dressaire et al., 2009; Dressaire et al., 2010). 
L‟objectif de ma thèse est l‟analyse quantitative des régulations de la traduction chez 
L. lactis par une approche de biologie des systèmes. Elle a consistée en la caractérisation de 
l‟étape de la traduction et de ses régulations, aussi bien au sein de ce processus biologique que 
celles associées à la modulation de l‟expression génique lors de l‟adaptation à un stress.  
Pour la première fois chez une bactérie, un traductome décrivant l‟état traductionnel 
détaillé de chaque ARNm de la cellule a été obtenu. Il a permis d‟identifier les facteurs clés 
impliqués dans la régulation de la traduction et de quantifier l‟influence de cette traduction 
dans le niveau final de protéine chez L. lactis.  
Par ailleurs, afin de déterminer l‟importance des régulations post-transcriptionnelles 
dans l‟adaptation, le traductome a été comparé dans deux états physiologiques de L. lactis, en 
condition optimale de croissance et en condition de stress nutritionnel (carence en acide 
aminé). Cette comparaison a donné une vision d'ensemble du remaniement traductionnel de la 
cellule lors de l‟adaptation à une variation environnementale. La place des régulations de la 
traduction aux côtés des autres niveaux de régulation de l‟expression génique a été explorée.  
Enfin, en changeant de référentiel, nous nous sommes intéressés à la traduction non 
plus comme un élément régulateur de l‟expression génique en soi, mais comme un mécanisme 
composé de trois étapes, initiation, élongation et terminaison finement contrôlées. A partir de 
nos données de traductome, pour chacun des gènes, la vitesse de synthèse protéique a été 
modélisée et les niveaux de contrôle de cette vitesse par chacune des trois étapes élémentaires 
ont été calculés. Ceci a été réalisé par une approche de biologie des systèmes grâce à une 
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collaboration avec l‟équipe de biotechnologie computationnelle dirigée par le Professeur 
Vassily Hatzimanikatis de l‟Ecole Polytechnique Fédérale de Lausanne.  
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Les régulations de la traduction chez les bactéries : 
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La présence de régulations au niveau de l’étape de traduction a été recherchée à 
l’échelle omique chez L. lactis dans un état physiologique donné (croissance optimale) par la 
mesure du traductome. Le traductome correspond à la photo de l’état de traduction de chaque 
ARNm au sein de la cellule, à un instant donné. Sa mesure donne accès au nombre de 
ribosomes fixés sur chaque transcrit. Tous les ARNm présents dans la cellule de L. lactis ne 
sont pas en complexe avec un ribosome; ils ne sont donc pas tous en traduction. Pour les 
ARNm en traduction, un nombre maximal de 18 ribosomes fixés par ARNm a été mesuré.  
En pratique, après une culture cellulaire réalisée dans des conditions standardisées, les 
complexes ARNm-ribosomes sont isolés et séparés en fonction de leur taille par migration sur 
un gradient linéaire de saccharose. Le profil d’élution du gradient donne accès à la 
composition en ribosomes de chacune des fractions récoltées. Ainsi sont identifiées les 
fractions ne contenant aucun complexe ribosomique, celles correspondantes aux petite et 
grande sous-unités ribosomales, celles contenant un monosome, c'est-à-dire un ribosome 
complet, et enfin les fractions composées de polysomes (plus d’un ribosome fixé) (figure 2 de 
ce chapitre). Les ARNm présents dans ces échantillons sont ensuite identifiés et quantifiés par 
puces ADN.  
L’absence de régulations traductionnelles supposerait d’une part, une densité en 
ribosomes uniforme pour tous les transcrits avec un nombre maximum de ribosomes fixés sur 
chaque ARNm et, d’autre part, que l’ensemble des transcrits soit mobilisé dans la traduction 
quand comme dans notre cas les ribosomes sont en excès dans la cellule. Or une grande 
variabilité a été observée entre les transcrits chez L. lactis, en condition optimale de 
croissance, aussi bien sur la proportion d’ARNm engagés en traduction (de 41 % à 84 %) que 
pour la densité moyenne en ribosomes (de 0,02 à 3,31 ribosomes pour 100 nucléotides) 
(figures 4 et 5 de ce chapitre). Par conséquent, notre mesure quantitative de l’état précis de 
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traduction de chaque transcrit révèle une diversité de régulations traductionnelles au sein de la 
population des ARNm.  
Quels sont les éléments sous-jacents aux régulations observées? Par une approche de 
modélisation statistique, nous nous sommes intéressés à l’influence des propriétés liées aux 
gènes (longueur de la séquence codante, position sur le chromosome, biais de codon, 
catégorie fonctionnelle), aux ARNm (concentration, stabilité, repliement) et aux protéines 
(caractère aromatique et hydrophobe de la séquence codante) sur cette étape de traduction 
(Table 1). Il apparait que l’instabilité des ARNm tout comme celle des structures secondaires 
à proximité des codons start et stop favoriseraient la traduction. Un effet plus contrasté sur la 
traduction est observé pour les ARNm les plus courts (avec une densité en ribosomes élevée 
mais un taux d’occupation faible), les plus concentrés et/ou avec un fort biais de codon (dans 
les deux cas, la densité en ribosomes est plus faible avec cependant un taux d’occupation 
élevé).  
Notre étude a mis évidence l’importance du rôle de la traduction dans l’expression 
génique en montrant que : 
- des gènes codant des régulateurs de transcription sont efficacement traduits,  
- le processus de traduction évolue de façon antagoniste avec le processus de 
dégradation des ARNm,  
- le taux d’occupation des ARNm par les ribosomes est l’un des éléments explicatifs 
des niveaux de protéines. 
 Enfin, au niveau mécanistique, les résultats suggèrent la présence d’un contrôle mixte 
de la traduction, avec une efficacité de traduction sous l’influence de facteurs aussi bien liés à 
l’initiation (structure secondaire) qu’associés à l’élongation (biais de codon). 
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1. Mesure du profil de traduction de chaque ARNm  
2. Détermination des paramètres du traductome 
 
3. Détermination des facteurs de régulations de la traduction 
4. Les régulations de la traduction et la physiologie 
 
 
 
 
 
 
 
En faveur de la traduction
Les ARNm instables
Les structures secondaires instables dans les environnements start et stop
Effet contrasté sur la traduction
Les ARNm les plus courts :
densité en ribosomes plus élevée mais moins mobilisés en traduction
Les ARNm en forte concentration:
densité en ribosomes plus faible mais plus mobilisés en traduction
Les ARNm avec un biais de séquence élevé :
densité en ribosomes plus faible mais plus mobilisés en traduction
Contrôle de la traduction mixte
au niveau de l’initiation par la présence de structures secondaires
au niveau de l’élongation par le biais de codon
Les ARNm efficacement traduits
sont en lien avec des fonctions régulatrices de la transcription
Les ARNm faiblement traduits
sont en lien avec des fonctions de biosynthèse des acides aminés et de cofacteurs
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les ribosomes
ARNm
5. Du point de vue mécanistique 
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Nombre de ribosomes le plus fréquemment observé
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ABSTRACT  
In bacteria, the weak correlations at the genome scale between mRNA and protein 
levels suggest that not all mRNAs are translated with the same efficiency. To experimentally 
explore mRNA translational level regulation at the systemic level, the detailed translational 
status (translatome) of all mRNAs was measured in the model bacterium Lactococcus lactis 5 
in exponential phase growth.  
Results demonstrated that only part of the entire population of each mRNA species 
was engaged in translation. For transcripts involved in translation, the polysome size reached 
a maximum of 18 ribosomes. The fraction of mRNA engaged in translation (ribosome 
occupancy) and ribosome density were not constant for all genes. This high degree of 10 
variability was analyzed in order to identify general rules of translational regulation. Gene 
function was a major regulatory determinant. Both ribosome occupancy and ribosome density 
were notably high for transcriptional regulators, demonstrating the positive role of 
translational regulation in the coordination of transcriptional networks. mRNA turnover was a 
negative regulatory factor of ribosome occupancy and ribosome density, suggesting 15 
antagonistic regulations of translation and mRNA degradation. At the mechanistic level, 
results revealed an unexpected mixed control of translation by initiation and elongation. 
Furthermore, ribosome occupancy was identified as a key component of intracellular protein 
concentrations, underlying the importance of translational regulation. 
In conclusion, we have determined, for the first time in a bacterium, the profound 20 
translational status for all mRNAs present in the cell. We have demonstrated experimentally 
the high diversity of translational states allowing individual gene differentiation and the 
importance of translation-level regulations in the complex process linking gene expression to 
protein synthesis.  
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INTRODUCTION 
Variations in protein concentrations are not related solely to transcription in bacteria. 
Indeed recent studies with Escherichia coli and Desulfovibrio vulgaris described only weak 
correlations between mRNA levels and protein concentrations with a Pearson coefficient 
varying from 0.45 to 0.53 according to culture conditions (Nie et al., 2006b; Lu et al., 2007). 5 
In Lactococcus lactis, the gram positive model of lactic acid bacteria, the Pearson coefficient 
was even lower ranging from 0.19 to 0.24 under various culture conditions (Dressaire et al., 
2010). Post-transcriptional regulation is believed to be a principle cause of these weak 
correlations, and Nie et al. (2006a) proposed two probable biological explanations: different 
protein stabilities and translational regulation. In L. lactis, Dressaire et al. (2010) identified 10 
protein concentration determinants by statistical modeling of proteome data: gene sequence 
features such as the Codon Adaptation Index (CAI), gene length and functional categories 
were demonstrated to strongly influence mRNA translational levels. In addition, individual 
messenger translation efficiency was estimated by a mechanistic modeling approach, 
highlighting significant variability in translation efficiencies among the different genes of the 15 
genome (Dressaire et al., 2009). Consequently in L. lactis, not all mRNAs are believed to be 
translated with the same effectiveness and important regulations are expected to occur at the 
translational level. 
An experimental approach for studying genome scale translational regulation is 
translatome analysis. Translation consists of three steps: initiation, elongation and 20 
termination. Translation initiation occurs with a ribosome binding to the mRNA template and 
begins at the start codon with incorporation of the first amino acid of the polypeptide. The 
ribosome continues to translate the coding sequence catalyzing polypeptide chain elongation 
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until it reaches the stop codon. Then, translation termination occurs and the complete 
polypeptide chain is released. Translation is carried out by more than one ribosome 
simultaneously forming a polysomal structure: the larger the polysome, the more efficient the 
translation should be. Translatome determination combines size separation of ribosome-
mRNA complexes according to the number of ribosomes loaded (polysome profile) and 5 
measurement of mRNA levels in fractions by microarray techniques (Melamed & Arava, 
2007). Most translatomes reported so far aimed at identifying translationally regulated genes 
in response to stress (Koritzinsky & Wouters, 2007; Thomas & Johannes, 2007) or changing 
growth phase (Lange et al., 2007). However, these studies were based on low-resolution 
polysomal profile analysis in which messengers were classified into only two fractions: 10 
polysomal versus non-polysomal (the polysomal one corresponding to the well-translated 
mRNAs loaded with several ribosomes, and the non-polysomal one including weakly or 
untranslated mRNAs). In these conditions, the cellular translational status of each mRNA 
molecule was not fully depicted since the number of loaded ribosomes was not quantified. 
This information is required to study the diversity of translational regulations between all 15 
mRNA species present in a cell and then to understand translation efficiency of individual 
mRNA. To date, only few reports described high resolution translatome analysis in 
microorganisms with mRNAs classified with respect to the precise number of loaded 
ribosomes (Arava et al., 2003; Lackner et al., 2007) and all such studies involved yeast as the 
study model. Therefore, the translational status of all mRNAs has not yet been determined in 20 
a bacterial model and an incomplete understanding of translational regulation thus remains. 
In order to better understand systemic regulation of translation in the model bacterium 
L. lactis, the detailed translational status of all mRNAs by translatome analysis at high 
resolution has been studied, the first such study for a prokaryote. L. lactis, the model lactic 
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acid bacterium, is a gram-positive, non spore forming bacterium with a low GC content (35 
%), therefore phylogenetically closer to Bacillus subtilis than E. coli. L. lactis cells were 
grown under optimum growth conditions (exponential phase, maximum growth rate). The 
profile of mRNA-ribosome association led to the calculation of two translational variables for 
each mRNA species: its fraction engaged in translation (ribosome occupancy) and its 5 
ribosome density. By comparing the translational states of all mRNAs, the regulation of both 
ribosome occupancy and ribosome density levels were explored. In addition, the influence of 
ribosome occupancy and ribosome density on the final protein expression level was 
quantified, demonstrating the key role of mRNA translational status in the complex process 
linking gene expression to protein synthesis. 10 
 
RESULTS 
Polysomal profile description  
The translatome of L. lactis was studied by coupling polysome profile determination, 
transcriptomics and statistical analyses (Figure 1). Translation elongation was arrested in 15 
exponential phase, cells lysed and mRNA-ribosome complexes were separated in 11 elution 
fractions according to their size. A typical polysome profile is shown in Figure 2. Peak 
assignment for ribosomal subunits, monosomal and polysomal complexes was achieved 
through 16S and 23S rRNA measurements in each elution fraction (Figure 2). 30S and 50S 
ribosomal subunits were identified in elution fractions 2 and 3, respectively. Consequently, 20 
elution fraction 1 corresponded to free RNAs, while eluted fractions above number 3 
contained mRNAs associated with at least one complete ribosome. To reach the 5 µg of total 
RNA required for transcriptome analysis, the two fractions eluted first (corresponding to 
mRNAs not engaged in translation) and the last four fractions (representing the most highly 
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ribosome-loaded transcripts) were pooled, respectively. The seven resulting fractions from B 
to H (Figure 2) were hybridized to the corresponding membranes B to H. Unfractionated 
mRNA was used as reference and hybridized to membrane A. 1619 genes were selected 
according to the cutoff criterion (see Materials and methods) and the distribution of mRNA 
proportions between fractions B to H for these genes showed in average the highest mRNA 5 
percentages in fractions C and H (Figure 3).  
The number of ribosomes per transcript in the polysomal fractions E, F, G and H was 
estimated by extrapolation from the clearly defined peaks (see Materials and methods) and 
were in the range 1.4-2.9 (mean value 2.1), 2.9-5.4 (mean value 4.1), 5.4-9.6 (mean value 7.4) 
and 9.6-17.9 (mean value 14), respectively. A maximum of 18 ribosomes per transcript was 10 
thus obtained in L. lactis cells grown in exponential phase. In addition, the percentage of 
ribosomes engaged in translation was estimated by area integration of the 254 nm absorbance 
of the polysomal profile. The ratio of the area under the absorbance curve corresponding to 
translating ribosomes (elution fractions 4 to 11) over the area corresponding to total 
(translating and non-translating) ribosomes (elution fractions 2 to 11) was calculated for the 15 
three polysomal profiles. An average ratio of 61  2 % of total ribosomes engaged in 
translation was obtained. Since about one third of the total ribosomal content was not 
associated with mRNA, ribosomal content would appear in excess for protein synthesis under 
the growth conditions used in this study.  
Translatome variable determination 20 
The first translatome variable analyzed was the ribosome occupancy which 
corresponded to the fraction of mRNA engaged in translation. Ribosome occupancy values 
were obtained for 1619 genes, and a Gaussian distribution was observed with a median value 
of 66 (Figure 4). High variability in ribosome occupancy was observed among genes with 
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values ranging from 41 % to 84 %. These results showed that for all genes, at least part of its 
mRNA molecules was involved in translation but never the entire mRNA population. This 
suggests that for individual genes, the mRNA concentration in exponentially-grown cells of L. 
lactis was in excess. Thus under the conditions used both ribosome availability and mRNA 
abundancies could conceivably support higher protein synthesis. 5 
A peak fraction, corresponding to the most frequent number of ribosomes bound on 
each mRNA, was assigned to 1177 genes with a 95 % bootstrap confidence interval. Except 
one gene (encoding the ribosomal protein RpmJ) with a peak fraction in fraction F (2.9-5.4 
loaded ribosomes), all the other genes grouped into two classes of peak fraction. The first 
class was composed of 200 genes translated at a low level with a peak fraction in the 10 
monosome fraction D. The second class included 976 more highly translated genes with a 
peak fraction in fraction H, corresponding to 9.6-17.9 loaded ribosomes. We verified that the 
bacterial specificity of polycistronic structures did not introduce any bias in ribosome number 
determination. In L. lactis, 38 genes that have been experimentally confirmed in the literature 
as being organized as polycistronic operons were specifically examined to validate their 15 
eventual enrichment in the two subgroups of genes with peak fractions in D and H, 
respectively. No significant over-representation of these genes was observed.  
Based on the peak fraction value, the second translatome variable, ribosome density, 
was calculated. For each of the 1177 genes, ribosome density was assessed as the ratio of the 
ribosome number in its peak fraction to the coding sequence length. If we consider that one 20 
bound bacterial ribosome protects around 30 nucleotides (Laursen et al., 2005), the theoretical 
maximal ribosome density is 3.33 ribosomes /100 nucleotides. However, 128 genes within the 
1177 gene set exhibited experimental ribosome densities higher than 3.33. This 128 gene 
subgroup was significantly enriched in short monocistronic genes (with 118 gene lengths < 
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400 bp, p-value=0). The presence of rather long 5’UTRs (up to several hundred bases in 
prokaryotes (Guell et al., 2011)) could contribute to ribosome density over-estimation, even 
more pronounced in the case of short genes. This set of 128 genes with aberrant ribosome 
densities was omitted in the subsequent analyses leading to a new set of 1049 genes. Figure 5 
shows the distribution of ribosome density ranging from 0.02 to 3.31 ribosomes per 100 5 
nucleotides. The median ribosome density was 1.23 ribosomes per 100 nucleotides (mean 
value: 1.31 ribosomes per 100 nucleotides) representing 2/5 of the maximal theoretical 
ribosome density.  
Homolactic lactic acid bacteria such as L. lactis are fermentative bacteria producing 
high concentrations of lactate during glucose catabolism (conversion yield about 90 %). The 10 
lactate production ensures cofactor (NADH) regeneration which is essential for bacterial 
activity but also provokes the acidification of the ambient environment and thereby inhibition 
of bacterial growth (Even et al., 2002). Among the 1049 L. lactis genes for which both 
ribosome density and occupancy values have been determined, inverse tendencies of the 
translatome variables (one variable above and the other below the average, respectively) was 15 
observed for 43 % of genes. Nevertheless, for 57 % of the genes, coordinated regulation of 
ribosome density and ribosome occupancy were found, and this was in particular true for 
important metabolic functional categories. In agreement with the high growth rate, L. lactis 
favoured the translation of specific functions required for optimal growth. A high glycolytic 
rate was favoured by the efficient translation of the first step of the glycolysis, the glucose 20 
transport system, which is believed to control the glycolysis rate in the studied IL1403 strain 
(Even et al., 2001). High ribosome occupancy and ribosome density were indeed observed for 
the main glucose transport system, the mannose PTS (ptnABCD) and also for the glucokinase 
(glk) which is required when glucose enters through sugar permease. The sugar permease 
Chapitre I - Les régulations de la traduction chez les bactéries  
 
103 
 
system is still uncharacterised in L. lactis, however our finding of a high level of translation 
(both translatome variables above the average) of the gene ypcH coding for a sugar permease 
could suggest the involvement of this permease in glucose transport. Similarly, the last step of 
glycolysis corresponding to the lactate dehydrogenase converting pyruvate into lactate and 
encoded by ldh also corresponded to a very efficiently translated gene (with high ribosome 5 
density and ribosome occupancy of 1.43 and 78 %, respectively). In order to combat growth 
inhibition by cytoplasmic acidification under conditions of extracellular auto-acidification, 
translation was also increased for almost all the genes encoding the ATPase system 
(atpBEFGH) catalysing the excretion of protons while consuming ATP. This proton 
expulsion system was efficient enough to prevent a strong acid stress since secondary 10 
pathways of the acid stress response were not favoured at the translational level. Genes of the 
arginine deiminase and glutamate decarboxylation pathways (arcC1D1D2 and gadB, 
respectively) exhibited low values of ribosome occupancy and ribosome density in 
comparison to the average. In addition, positive regulation of translation of enzymes related to 
phosphate limitation (regulator phoL and the high affinity transporters pstABC and phnC), and 15 
to zinc and manganese transports (zitR, a zinc transport regulator and the manganese 
transporters mtsABC) were observed, suggesting additional cation and anion requirements to 
fight against lactic acid inhibition. 
Determinants of translatome variables  
In order to identify how ribosome occupancy and ribosome density levels can be 20 
regulated, we searched for their major biological determinants. First, sequence analysis was 
performed to identify DNA patterns which could be specifically associated with genes with 
high or low levels of ribosome occupancy or ribosome density, respectively. We selected 
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short nucleotide sequences (55 bp) in the vicinity of the ribosome binding site and larger ones 
(125 bp) containing the entire 5’UTR (defined in previous work; (Redon et al., 2005)). 
According to their ribosome occupancy level, genes were first grouped into two sets 
containing the 205 genes with the highest (> 0.72) and the lowest (< 0.60) values, 
respectively. In the nucleotide region from –30 to +24 relative to the start codon, we did not 5 
detect any discriminating sequence motif but, at nucleotide-level resolution, we noted in 
nucleotide position -10, that genes with high occupancy displayed more often a G than an A 
(Figure 6). With enlarged nucleotide sequences (from -100 to +24), we detected, for high 
ribosome occupancies exclusively (first quartile), a conserved DNA pattern of 8 nucleotides 
whose sequence was A[CA]TGACAG. The E-value of this pattern calculated with MEME 10 
software (4.1 x 10
-46
) was significantly lower than that of the sequence GGAGG, also 
identified as a conserved sequence in this subset of genes (E-value around 10
-15
). In L. lactis, 
when considering all gene sequences (-30 to +1 bp relative to the start codon) the GGAGG 
motif showed a E-value of 6.1 x 10
-59
, confirming its role as a Shine-Dalgarno sequence by 
base-pairing with its complementary sequence in the 3’end of L. lactis 16S rRNA molecules. 15 
31 genes of the high ribosome occupancy set had the A[CA]TGACAG sequence generally 
located upstream of AUG, and 18 presented repeated patterns, some of them being in an 
inverse shape suggesting formation of a hairpin structure. Concerning the ribosome density 
level, no conserved DNA pattern was found in the enlarged nucleotide region with genes of 
the first or fourth quartiles. 20 
In order to identify other key systemic factors of translation, we used a more global 
approach and we statistically quantified the influence of various parameters related to gene, 
mRNA and protein features on the two translatome variables. All genome-scale data 
(transcriptome (Dressaire et al., 2009), stabilome (Redon et al., 2005), and translatome (this 
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work)) were obtained for L. lactis cells grown in identical standardized conditions in 
bioreactors to avoid introducing experimental artifacts linked to minor changes in growth 
conditions. These omic data are indeed very sensitive to bacterial adaptation to changing 
conditions. We used the statistical method of parameter selection developed previously 
(Dressaire et al., 2010). With this approach, we identified and classified the most significant 5 
parameters which could explain the different levels of translatome variables observed between 
all mRNAs without any a priori subjective selection. Parameters included in the models were 
features related to gene (CDS length, CAI, chromosomal position and functional category), to 
mRNA (concentration, half-life and folding) and to protein sequence (aromatic and 
hydrophobic properties). For this statistical modeling approach, the gene data set was reduced 10 
from 1049 to 814 due to undetermined parameter values, mainly in the mRNA half-life data 
set. 
Models of ribosome occupancy and ribosome density were obtained with adjusted 
squared-r equal to 0.34 and 0.22, respectively (Table 1). Significant parameters were selected 
for both variables, and results were confirmed by simple linear regression analysis 15 
(supplementary Table S2). First, mRNA half-lives had a strong negative estimated coefficient 
with both translatome variables, with a p-value < 2.0 x 10
-16
. This indicates that less stable 
mRNAs could be better translated, with higher levels of ribosome occupancy and ribosome 
density. The ribosome occupancy and ribosome density were also positively related to folding 
energy in the vicinity of the start and stop codons of mRNA, suggesting that less stable 20 
secondary structures in 5’ and 3’UTR mRNAs are more beneficial to translation.  
While the previous parameters exhibited additive influence on both translatome 
variables, some parameters lead to antagonistic effects. The length of the coding sequence had 
a negative coefficient for ribosome density (Table 1) and this conclusion was valid for the two 
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main classes of mRNAs (with low and high loaded-ribosome numbers). In contrast, CDS 
length had a positive coefficient for ribosome occupancy. Smaller mRNAs thus seemed to 
have a higher ribosome density which could counteract the lower proportion of mRNAs 
involved in translation. Similarly, mRNA concentration and also CAI showed a positive 
coefficient for ribosome occupancy but a negative one for ribosome density. Protein amino 5 
acid composition also interfered with the translation process but only at the ribosome density 
level.  
Our modeling approach also allowed the relationship between gene function (Bolotin 
et al., 2001) and translatome variables to be analyzed. Genes involved in regulatory functions, 
exhibiting positive coefficients in both models, possessed higher ribosome occupancy and 10 
ribosome density than the average. These regulatory genes coded mainly for transcriptional 
regulators involved in specific metabolisms (e.g. arginine (ahrC), pyrimidine (pyrR), biotin 
(birA1) or sugar (lacR, citR)) but also for general transcriptional regulators (codY and ccpA) 
and central regulatory protein (relA). On the other hand, genes related to synthesis of both 
amino acids and cofactors exhibited significantly lower ribosome density than the other 15 
functional categories.  
Effect of the physiological status on translatome variables 
 In order to assess the relative influence of the physiological status on ribosome 
density and ribosome occupancy values, we have constructed new models including data 
obtained in L. lactis in two different physiological states, in exponential growth and stationary 20 
phase (Table 2). The physiological state was then introduced in the model as a qualitative 
parameter. mRNA concentrations and half-lives in the stationary phase were previously 
determined (Dressaire et al., 2011) while ribosome density and ribosome occupancy values in 
the stationary phase were measured in this study.  
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In these two new models of ribosome density and ribosome occupancy, we observed 
an increased R
2
 notably for the former (R
2 
of 0.91) and the physiological status was always 
selected as an explanatory parameter. This last result highlights an important role of the 
physiological status on translation variable determination. In stationary phase, ribosome 
occupancy was indeed significantly higher while ribosome density was significantly lower 5 
compared to the average (opposite sign in their estimated coefficient). In exponential growth 
phase, the inverse corollary was obtained. To confirm the importance of the physiological 
status on translation level, models without this qualitative variable were constructed. The 
associated R² were dramatically decreased to 0.14 and 0.18 for ribosome occupancy and 
ribosome density models, respectively. In addition, in these two new models (Table 2), 10 
functional categories such as metabolism of bases, of fatty acids and phospholipids and 
translation were selected as new influent factors of translatome variables. These specific 
functions were suggested to be involved in the adaptation of bacteria to such a change of 
physiological status from exponential growth to stationary phase.  
Translatome variables as determinants of protein concentration  15 
In this section, we aimed at determining the influence of translational regulations 
downstream in the gene expression process. More particularly, we analyzed protein 
concentration variations in relation with their mRNA ribosome occupancy and ribosome 
density values. Protein concentration is generally considered as the final result of translation. 
The amount of protein present results from complex multilevel regulations, some being 20 
independent of translation (Figure 7). Thus, protein concentrations are difficult to predict (Nie 
et al., 2006b; Tuller et al., 2007). In L. lactis, some determinants of protein levels were 
identified by statistical modelling but without taking into account any translational parameters 
(Dressaire et al., 2010). Here, we added the two translation variables to the previously tested 
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parameters to quantify the involvement of translation in the control of protein levels. We took 
again special care to use proteomic data (Dressaire et al., 2009) acquired in L. lactis under our 
standardized conditions (exponential phase). Due to the low number of proteins identified in 
this growth condition, the data set was reduced to 146 genes. Our understanding of protein 
concentration determinants was improved with the translatome data (Table 3). The adjusted 5 
squared-r of the model slightly increased with the translatome data from 0.52 to 0.56. 
However, we demonstrated a key influence of the ribosome occupancy on protein levels, with 
a positive estimated coefficient of 0.23. Like in the original model without translational 
parameters, CAI and mRNA concentration also made a significant contribution to explaining 
protein concentration. 10 
 
DISCUSSION 
In this study, we have provided, for the first time in a bacterium, a detailed and 
complete picture of translation in L. lactis cells. Translatome experiments allowed the 
determination of the translational status of each mRNA including its ribosome occupancy and 15 
ribosome density. In L. lactis, the fraction of mRNAs engaged in translation was on average 
67 % and the mean ribosome density reached 2/5 of the maximal theoretical density. Similar 
results have been obtained in yeast (Arava et al., 2003; Lackner et al., 2007), although notable 
differences in the translation process itself (localization, coupling with transcription) and in its 
regulation (RBS, translation factors) can be outlined between yeast and bacteria. So, low 20 
ribosome density and incomplete mRNAs engaged in translation are two general translational 
rules in both kingdoms. We have demonstrated that the two translational variables, ribosome 
occupancy and ribosome density were not constant for all the genes examined here. A high 
level of variability was indeed demonstrated within the mRNA population, indicating that 
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even if global translation seems to be robust between microorganisms, this process is also 
highly transcript-specific. We showed in addition that genes involved in key metabolic 
pathways exhibited coordinated regulation of ribosome density and ribosome occupancy 
levels. This result suggests the possibility for L. lactis to use fine translation tuning of selected 
transcripts during its adaptation to the external environment. We have also demonstrated that 5 
ribosome occupancy was a major determinant of protein level, revealing the high influence of 
translational regulations in the process coupling gene expression to protein synthesis.  
 By exploring the diversity of ribosome occupancy and ribosome density values within 
the mRNA population, systemic key factors involved in translation level regulation were 
sought. The systemic influence of some factors (CAI, secondary structure…), previously 10 
identified as protein expression regulators of specific mRNAs (Kudla et al., 2009; Allert et al., 
2010) or predicted as determinants of translational efficiency by transcriptome-proteome 
correlation analyses (Nie et al., 2006b; Tuller et al., 2010b; Gingold & Pilpel, 2011) was seen 
to act directly on translatome variability. In addition, less expected general factors influencing 
translation, such as gene function, mRNA half-life and gene length were identified and 15 
organized hierarchically. Linear covariance models established a link between translational 
efficiency and gene function. First, genes involved in biosynthesis of amino acids and 
cofactors exhibited lower ribosome density than others. L. lactis thus adapted its metabolism 
by attenuating translation of genes involved in these two anabolic pathways. The chemically 
defined medium used in this study for growing the bacterium contains all the amino acids and 20 
vitaminic precursors of the cofactors. In these growth conditions, L. lactis thus adapted its 
metabolism to ensure cofactor and amino acid supply via their import from external medium 
rather than via de novo synthesis. This translational attenuation constitutes an adaptative 
response appropriate to limit energy wastage in the bacterium. We have also observed high 
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ribosome occupancy and high ribosome density for genes of the functional category 
“regulatory functions”. Important transcriptional regulators were concerned suggesting their 
efficient translation in vivo. This finding illustrates the capacity of L. lactis cells to coordinate 
the control of the entire gene expression network through positive translational regulations of 
key regulators. Mechanisms of transcriptional control by translation have already been 5 
reported in E. coli, for some specific mRNAs of amino acid metabolic enzymes when 
ribosome slow down induced transcriptional attenuation or antitermination (Yanofsky, 2000; 
Stewart, 2008), or in a more general way when ribosome acceleration and deceleration were 
shown to directly result in corresponding changes in speed of the RNA polymerase (Proshkin 
et al., 2010). 10 
 In addition, an inverse relationship between mRNA stability and both translatome 
variables was found. Two interpretations can be proposed for such a striking relationship. 
Since the most stable mRNA were shown in L. lactis to be those present at low concentrations 
(Redon et al., 2005), we can hypothesize that the low ribosome occupancy of stable 
transcripts could result from a low meeting probability between low concentrated mRNA 15 
molecules and ribosomes. However, in our 814 gene set, the top 10 % less concentrated 
mRNA displayed, as expected, increased stability compared to the average (+77 %) but their 
ribosome occupancy was only slightly decreased (-5 %). A more probable interpretation 
would be related to the presence of a specific pattern in the group of genes with high mRNA 
stability and low translation. We have previously reported in L. lactis that an over-20 
representation of the purine-rich sequence AGGAG was present, as in Bacillus, in the 5’-
region of stable transcripts (Redon et al., 2005). A hypothesis could be that this sequence 
could block translation for instance by inducing ribosome stalling. For 13 genes of our 814 
gene set having more than one AGGAG sequence in their 5’end, we observed, indeed, a 
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stabilization of the transcript (+34 %) compared to the average, associated with a significant 
reduction (-33 %) of the ribosome density. As a consequence, less stable mRNAs tended to be 
more efficiently translated in L. lactis, in contrast with what was observed in yeast (Lackner 
et al., 2007). mRNA decay and translation would thus act in an antagonistic manner on gene 
expression regulation in L. lactis. A positive relationship between ribosome density and 5 
mRNA half-life was expected, assuming the protective effect of ribosomes against RNases. 
The absence of such a positive correlation in L. lactis indicates that protection of mRNA 
against degradation should be more related to ribosome position than to ribosome density. 
Ribosome position was previously demonstrated to be more efficient than ribosome density in 
Bacillus subtilis where kilobases downstream of the ribosome binding site can be protected 10 
unlike in E. coli (Dreyfus, 2009). 
 Translation in L. lactis was strongly dependent on coding sequence length, ribosome 
density being negatively correlated with gene length. Such an inverse correlation between 
ribosome density and gene length was also reported in yeast (Arava et al., 2003; Lackner et 
al., 2007). It would be interesting to check if an excess of ribosomes at the beginning of the 15 
coding sequence as reported in yeast (Ingolia et al., 2009; Tuller et al., 2010a) is also present 
in L. lactis to explain why short mRNAs tended to present higher ribosome density. However, 
on the contrary to yeast (Lackner et al., 2007), a positive correlation was obtained between 
ribosome occupancy and gene length. This correlation is probably necessary in bacteria to 
counteract the negative ribosome density effect in order to not penalize too much long mRNA 20 
translation. Indeed, rather long mRNAs are expected in bacteria in comparison to yeast as a 
consequence of numerous polycistronic structures.   
In the exponential growth condition, adjusted r-squared values of our translatome 
variable models at around 0.2-0.3 indicated that additional major explanatory parameters need 
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still to be identified to explain the observed diversity of ribosome occupancy and ribosome 
density values. We showed for example that between two different growth conditions, the cell 
physiology influenced strongly the levels of translatome variables, increasing significantly the 
adjusted r-squared values of the corresponding models.  
Using our translatome data, the implication of the initiation and elongation steps in 5 
translation regulation was analyzed. We found that ribosome density in L. lactis was far from 
the maximal density as also reported in yeast (Arava et al., 2003; Lackner et al., 2007). 
Therefore, translation limitation appears to occur during ribosome loading on mRNA in the 
initiation step even though ribosomes and mRNA molecules were found in excess in L. lactis 
cells. Still related to initiation, RNA folding was identified as a key determinant of both 10 
ribosome occupancy and ribosome density. mRNA folding is expected to interact with 
ribosome binding site accessibility and modify individual gene expression as demonstrated in 
E. coli (Kudla et al., 2009; Seo et al., 2009). In addition, for genes with high ribosome 
occupancy, we have identified a base specific preference and a conserved nucleotide pattern 
(sometimes forming inverted repeat sequences) upstream of the start codon. It is thus 15 
tempting to speculate that these sequence features could modulate ribosome binding. Specific 
translation-enhancing sequences upstream of the start codon have already been reported in E. 
coli and proposed to act as additional interaction sites with either 16S rRNA or S1 ribosomal 
protein (Sprengart & Porter, 1997; Komarova et al., 2002). Since L. lactis 16S rRNA does not 
contain a complementary sequence of our motif and furthermore as in other gram-positive 20 
bacteria (Rocha et al., 1999), no homologous protein of the ribosomal S1 protein was found in 
L. lactis, mechanisms of enhancement of translation initiation based on improved mRNA-
rRNA base pairing or on increased ribosomal protein-mRNA interaction seem unlikely. 
However, this motif could be involved in secondary structure stability playing a role in 
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translation initiation efficiency (de Smit & van Duin, 1990). In yeast, specific base usages 
around the start codon for genes with high ribosome occupancy were also reported (Gingold 
& Pilpel, 2011). All these results confirmed the generally accepted limitation of translation by 
the initiation step. The group of V. Hatzimanikatis developed in E. coli a mechanistic 
framework of the translational machinery and a sensitivity analysis to identify the nature of 5 
the limiting step (initiation, elongation or termination) as a function of ribosome density 
(Mehra & Hatzimanikatis, 2006; Zouridis & Hatzimanikatis, 2007). When we transpose their 
mathematical analysis to L. lactis, we found that 70 % of mRNAs should have their 
translation mainly initiation-limited. Nevertheless, two factors of the elongation step, CAI and 
amino acid composition, were shown to influence translation in L. lactis (at the level of 10 
ribosome occupancy and/or ribosome density). CAI is widely accepted as the key factor in the 
determination of the elongation rate (Nie et al., 2006a; Tuller et al., 2010b). Therefore, our 
results corroborate the current point of view supporting mixed control of translation by 
initiation and elongation (Nie et al., 2006a; Zouridis & Hatzimanikatis, 2007; Tuller et al., 
2010a; Tuller et al., 2010b; Gingold & Pilpel, 2011).  15 
To go deeper into translation regulation, local mRNA ribosome density could be 
explored via ribosome density mapping or ribosome footprinting experiments (Eldad & 
Arava, 2007; Ingolia, 2010). Comparison of ribosome density in the 5’UTR of mRNAs 
exhibiting high or low ribosome occupancies could help to confirm the link between the 
sequence signatures identified in this work and efficient ribosome binding. The determination 20 
of local ribosome densities within a coding sequence could contribute to a better 
understanding of the relationship between ribosome density and translation efficiency.  
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MATERIAL and METHODS  
Organism and growth conditions 
Lactococcus lactis subsp. lactis IL1403 was grown under anaerobic conditions in 
batch cultures at 30 °C, pH 6.6 and 250 rpm, in a chemically defined medium as previously 
described (Redon et al., 2005). 5 
Polysomal RNA preparation 
Polysome profile determination was adapted from the protocol developed in yeast 
(Melamed & Arava, 2007). Cells were cultivated in exponential phase at a maximum growth 
rate of 0.88 h
-1
 to an optical density of 1 at 580 nm. Translation elongation was then arrested 
by adding 100 mg/ml chloramphenicol and cells were collected on ice. A total amount of 96 10 
mg of dried cells was harvested at 4 °C (3645 g, 8 minutes), resuspended at 4 °C in lysis 
buffer (20 mM Tris HCl pH 8, 140 mM KCl, 40 mM MgCl2, 0.5 mM DTT, 100 µg/ml 
chloramphenicol, 1 mg/ml heparin, 20 mM EGTA, 1 % Triton X-100) and washed twice. 
Then, the cells were disrupted at 4 °C in tubes containing 0.1 g of glass beads using Fast Prep 
® (4 cycles of 30 seconds at 6.5 m/sec with 1 minute intervals). After centrifugation, the 15 
supernatant was loaded onto a 24-ml linear sucrose gradient (10 to 50 % (w/v)) in polysomal 
gradient buffer (same composition as lysis buffer except for heparin at a final concentration of 
0.5 mg/ml). Polysomal complexes were resolved by centrifugation at 13,500 rpm for 16 h 30, 
at 4 °C in an SW 28 rotor. Fraction collection was performed in cold elution buffer (55 % 
sucrose (w/v), 500 mM Tris HCl pH 8, 10 mg/ml Bromophenol blue) at a speed of 2.5 20 
ml/minute. Absorbance at 254 nm was measured continuously with a UV detector (UPC900 
Amersham Pharmacia Biotech). In each fraction, a protein elimination step was performed by 
adding one volume of 8 M guanidium-HCl and two volumes of absolute ethanol (Melamed & 
Arava, 2007). RNAs were extracted with the Qiagen Rneasy Midi kit®. Peak assignment for 
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ribosomal subunits, monosomal and polysomal complexes, was achieved by RNA analysis 
using Bioanalyzer (Agilent technologies®). Elution fractions were pooled in seven fractions 
named B, C, D, E, F, G, H as described in the results section. 
An aliquot of cell-free extract was used in parallel to provide unfractionated total RNA 
(used as a reference, sample named A). Protein elimination and RNA extraction were 5 
performed as described above. 
Three independent experiments from culture to polysome profile determination were 
carried out. 
Ribosome number extrapolation  
For each polysomal profile, the number of ribosomes per transcript in the fractions 10 
lacking one single ribosome resolution (fractions F to H) was estimated by a logarithmic 
extrapolation from the clearly defined peaks with the following equation (Noll & Noll, 1989):  
         equation 1 
with the a slope coefficient corresponding to the averaged value of the three repetitions and 
the b constant related to the elution time of the monosome fraction specific of each repetition. 15 
Transcriptomic analysis and normalization  
For signal normalization and modeling, the free statistical software R (http://www.r-
project.org/) was used. 
Gene expression was measured using nylon arrays containing PCR fragments 
(Eurogentec®) for 1948 genes of L. lactis IL1403. Membrane spotting and analytical support 20 
were provided by the Biochips Platform (Genopole Toulouse, France).  
From each fraction from B to H and from the unfractionated sample A, a constant 
amount of 5 μg of total RNA was used to perform retrotranscription. RNA was quantified at 
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260 nm with Nanodrop (Thermo Scientific®). RNA quality was checked on Agilent 2100 
Bioanalyzer (Agilent technologies®). Synthesis of radiolabelled cDNA, nylon array 
hybridization and washings were carried out as described previously (Redon et al., 2005). 
Membranes (from A to H) were exposed to a phospho-imager screen for eight days and 
scanned with a phospho-fluoroimager (Storm 860, Molecular Dynamics®). Three series of 5 
eight membranes from A to H were obtained from the three independent polysomal profile 
determinations. For each gene, spotted twice on the membranes, the mean of the two 
intensities after background removal was considered. For each membrane (from A to H), a 
cutoff value was defined as the mean intensities of the “empty” spots plus one standard 
deviation as previously described (Redon et al., 2005). 1619 genes presenting at least a mean 10 
intensity above the cutoff value for one of the eight membranes were selected for further 
analysis. 
For each membrane series, intra-series normalization to correct experimental 
variations after fraction collection was performed using a common reference. Each gene 
signal intensity of membranes B to H was standardized by the mean intensity of reference 15 
membrane A (unfractionated RNA). We noted  
normMembA
Memb
geneI
j
ki ,
  the normalized intensity I 
of the gene  1619,...,1i  that belonged to membrane   HGFEDCBj ,,,,,,  by membrane 
A, for series replicates  3,2,1k . 
 
 
1619
1619
1
,
,
,




i
i
Memb
gene
Memb
gene
normMembA
Memb
gene
I
I
I
A
ki
j
kij
ki
      equation 2 
with  HGFEDCBj ,,,,,, ,  1619,...,1i ,   3,2,1k  20 
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In order to take into account the variability in total RNA amounts between fractions B 
to H (from 29.7 µg ± 24.3 to 436.3 µg ± 170.3) of the same polysomal profile determination, 
and thus to work with RNA concentrations in the fraction instead of abundances, we corrected 
intensity values by total RNA quantity and named these intensities N (equation 3).  
 
A
j
j
ki
j
ki Memb
k
Memb
k
normMembA
Memb
gene
Memb
gene uantitytotalRNA q
uantitytotalRNA q
IN 
,,
     equation 3 5 
For each membrane from B to H, an inter-series normalization step was introduced to 
adjust the signals of the three triplicates. For each membrane, an average intensity set was 
calculated from the three repetitions. The intensities of each repetition were plotted versus the 
average intensity set. From each plot, we estimated a linear regression coefficient r and an 
intercept coefficient b (equation 4) 10 
,,,,,
,
jikkj
Memb
gene
kj
Memb
gene
br NN
j
i
j
ki




       equation 4 
where   N
j
i
Memb
gene
 denoted the mean of the three replications.   
Those estimations were denoted respectively kjr ,ˆ  and .
ˆ
,kjb  
The intensities of each repetition were then centered with their own b coefficient and 
reduced by their own r coefficient. We noted the resulting normalized intensity as  CRMemb
geneN
j
ki ,
 15 
(equation 5): 
 
 
.
ˆ
ˆ
,
,
,
,
kj
kj
Memb
geneCRMemb
gene r
bN
N
j
kij
ki

         equation 5 
Translatome variable calculations 
For the 1619 genes with signal intensities above the cutoff values, two translatome 
variables were calculated, their ribosome occupancy and ribosome density. 20 
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For each gene, we calculated the proportions of mRNA molecules in each fraction 
from B to H: 
 
 



Hj
Bj
CRMemb
gene
CRMemb
geneMemb
gene
N
N
j
ki
j
kij
ki
rtionmRNA propo
,
,
,
      equation 6 
For each gene, ribosome occupancy is the fraction of its mRNA population engaged in 
translation. It is calculated by summing the proportions of its mRNAs in fractions D to H 5 
(equation 7). In fractions B and C, mRNA molecules were free or associated with an 
incomplete ribosome, so these mRNAs were not considered as engaged in translation.  




Hj
Dj
Memb
genegene
j
kiki
rtionmRNA propoccupancyRibosome o
,,
    equation 7 
For each gene, the three ribosome occupancy values obtained for each series were 
averaged (equation 8). 10 




3
1
1 k
k
genegene i,ki
ccupancyribosome o
k
ccupancyRibosome o     equation 8    
For each gene, the peak fraction corresponds to the highest mRNA proportion within 
fractions D to H containing mRNA engaged in translation. The peak fraction was determined 
by a bootstrap method on residuals. This procedure has already been used in transcriptome 
analysis and allowed increased robustness of the results (Wang et al., 2002). This method 15 
does not require any assumptions on data distribution and corresponds to a resampling 
procedure with replacement. The residuals ki , from each average value, from all seven 
fractions, were calculated (equation 9):   
iki genegeneki
rtionmRNA proportionmRNA propo 
,,
 .      equation 9 
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Then residuals were pooled together and reassigned back to these fractions at random 
to create a bootstrap data set. More precisely, for each gene i  and for each value of k , a value 
of residual was sampled in the pool of residuals and was denoted by ki,
~ . This residual was 
added to the mean of the mRNA proportions of the gene i  in order to create a bootstrap value 
of mRNA proportion  (equation 10). 5 
 
i,kgenegene εortionmRNA  proportion mRNA  prop i,api,kbootstr
~ .     equation 10 
Ten thousand bootstrap data sets were made. The peak fraction was determined in 
each bootstrap data set analogously to the initial data set. From the ten thousand bootstrap 
data sets, the relative frequency of the highest mRNA proportion was calculated with a 
confidence interval fixed at 95 %. When the 95 % bootstrap confidence interval was not be 10 
confined to a single fraction, the definition of the peak fraction was widened from only one to 
two (or more) adjacent fractions and a search for the maximum was initiated again.  
From a set of 1619 genes, a peak fraction was assigned to 1177 genes: all genes had a 
peak fraction contained in a single fraction. For each of the 1177 genes, we calculated the 
ribosome density that was the number of bound ribosomes in the peak fraction normalized 15 
with respect to the transcript length. The experimental length of all transcripts was not 
available in L. lactis and predictions were not considered to be confident (Brouwer et al., 
2008). Thus, we used the coding sequence length instead of transcript length in our 
calculation: 
i
i
i gene
gene
gene thuence lengCoding Seq
actionhe Peak Frumber of tribosome n
ensityRibosome d 
   equation 11 20 
 Ribosome density and ribosome occupancy values are available in supplementary 
Table S1. 
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Enrichment analysis  
In a given gene subset, statistical testing of the enrichment of genes having a 
characteristic of interest was performed. In a general way, if it is assumed that n1 genes were 
sampled without replacement in a total group of n2 genes, m of which have the characteristic 
of interest, the number N of genes having the characteristic of interest in the subgroup of n1 5 
genes follows the hypergeometric distribution: N~H(m, (n2-m), n1). The p-value of the 
enrichment test of genes having the characteristic of interest in the n1 gene subgroup is 
defined as follows:  
p-value = P(N > Nobs) , equation 12,  where Nobs is the observed value of N. 
The p-value was calculated using R software.  10 
Covariance model  
A linear analysis of covariance model was used to identify the major determinants of 
three variables of interest, namely ribosome occupancy, ribosome density and protein level. 
To do so, each model was established from various quantitative and qualitative parameters as 
described previously (Dressaire et al., 2010). 15 
In a previous study (Dressaire et al., 2010), gene parameters such as chromosomal 
position, open reading frame length, CAI, gene functional category, protein hydrophobicity 
(GRAVY score) and aromaticity have already been described, and mRNA and protein 
concentrations were provided. mRNA half-life measurements are from (Redon et al., 2005). 
The upstream mRNA sequences (from -100 to +24 bp relative to the start codon) and 20 
downstream sequences (from -24 to +100 bp relative to the stop codon) were obtained from 
RSAtools and then processed with RNAfold software (http://mobyle.pasteur.fr/cgi-
bin/portal.py) specifying a temperature of 30 °C. For each sequence, we used the free energy 
of the predicted minimum free energy structure (the most negative G, Gup in the upstream 
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sequence and Gdown in the downstream sequence) as a measure of secondary structure 
formation. Quantitative parameters were log-transformed to obtain a normal distribution 
except for those parameters which can take negative values (position, GRAVY score and 
folding energy) and all were centered and reduced. This normalization was applied in order to 
adjust their level and allow comparison of model coefficients. For example, equation 13 5 
described the models established to explain the two translatome variables.  
     
     
       
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(i)up(i)upΔG(i)(i)CAI(i)(i)hydro(i)(i)arom
(i)(i)CDS length(i)/tmRNA(i)(i)[mRNA]
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ii
ξλΔGβ
ΔGβCAIβhydroβaromβ
CDS lengthβmRNAβ[mRNA]β
ationChrom. locβαensityribosome dancymRNA occup
(i)
(i)/t
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

ln
lnlnlnln
lnlnln
lnlnor ln
21
)()(
21
  
where  )(iancymRNA occup and )(idensityribosome are the measured levels of the ith value for 
the variable of interest, is the intercept, )(ijparameter  the value of quantitative parameter j 
for the ith value, j(i) and k(i)  the coefficients associated to the jth quantitative parameter and 10 
the kth qualitative parameter of the ith value, respectively, and (i)  the error term for the ith 
value. Parameter abbreviations used are: Chrom.location for chromosome location, [mRNA] 
for mRNA concentration, mRNAt1/2 for mRNA half-life, arom for aromaticity, hydro for 
hydrophobicity, CAI for codon adaptation index, Gup  for minimum free energy structure in 
the upstream sequence, Gdown  for minimum free energy structure in the downstream 15 
sequence, cat for functional category. The model to explain the variable protein concentration 
was similar to that described above except that both ribosome density and ribosome 
occupancy were added as explanatory parameters. For each model, we obtained an estimate of 
the variable of interest. Least squares procedure was used to estimate coefficients of selected 
parameters and quality of modeling adjustment was obtained by calculation of the 20 
equation 13 
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determination coefficient. The Akaike Information Criterion was used to select the best 
models without any a priori subjective parameter selection (Dressaire et al., 2010). 
Simple linear correlation  
Simple correlations were estimated by calculating Pearson correlation coefficient and 
associated p-value using R free statistical software. 5 
 Motif research 
The presence of sequence motifs was explored using MEME suite software, section 
MEME (http://meme.nbcr.net) and confirmed by RSAtools software 
(http://rsat.ulb.ac.be/rsat/), section oligoanalysis with a default parameter selection (van 
Helden, 2003) for 5, 6 or 8 nucleotide lengths. The nucleotide sequences in the vicinity of the 10 
start codon (from -100 to +24 and -30 to +24 relatives to ATG) were also obtained from 
RSAtools (retrieve sequence section, default parameters). Sequence logos were created using 
WebLogo (Crooks et al., 2004). 
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LEGENDS 
Figure 1: Schematic overview of the translatome analysis in exponential phase L. lactis cells. 
For each step, the size of the gene set is provided.  
Figure 2: Polysomal profile of L. lactis cells in exponential phase. (A) 254 nm absorbance 
profile. The top and bottom of the gradient were indicated on the left and right of the profile, 5 
respectively. (B) 16S and 23S rRNA quantifications for peak assignment. 
Figure 3: Distribution of the mRNA proportions between fractions B to H. For each gene, its 
proportions of mRNA molecules in each fraction from B to H were calculated as described in 
equation 6 of Materials and methods. To be more informative, 162 symbols were used to 
represent in each fraction the entire 1619 gene set, one symbol representing the average of 10 10 
close proportion values.  
Figure 4:  Ribosome occupancy distribution. The percentage of each mRNA found in 
ribosome-containing fractions (fractions D to H) was determined for 1619 genes. 
Figure 5:  Ribosome density distribution. The ribosome density (expressed as ribosomes per 
100 nucleotides) was determined for the set of 1049 genes. 15 
Figure 6: Sequence logos in the vicinity of the start codon (position from +1 to +3 bp) for 205 
genes with high (<0.72) or low (<0.60) ribosome occupancy. The upstream sequence logos 
between nucleotide position -30 and -1 are shown for genes with high (A) and low (B) 
ribosome occupancy. (C) and (D) display the downstream sequence logos between posit ions 
+1 and +24 of genes with high and low ribosome occupancy, respectively. 20 
Figure 7: Modeling of the cellular process. Genes are first transcribed into mRNA before 
being translated into proteins. Proteins are then submitted to dilution by growth and 
degradation. µ: growth rate; k: mRNA degradation constant; k': translation efficiency; k'': 
protein degradation constant.  
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Figure 2  
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Figure 4  
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Figure 5 
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Figure 6  
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 Figure 7 
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Table 1: Main parameters of the ribosome occupancy and ribosome density models and their 
estimated coefficients. AMI: amino acids biosynthesis, COF: biosynthesis of cofactors, INT: 
central intermediary metabolism, REG: regulatory functions, TRS: transcription. Coefficients 
relative to qualitative parameters could not be compared with those relative to quantitative 
ones. 5 
 
Parameter 
 
Variable to explain: 
Ribosome occupancy 
Variable to explain: 
Ribosome density 
mRNA concentration 0.12 (p = 1.2 x 10
-4
) -0.15 (p = 4.0 x 10
-6
) 
mRNA half-life -0.38 (p < 2.0 x 10
-16
) -0.36 (p < 2.0 x 10
-16
) 
CDS length 0.24 (p = 2.3 x 10
-14
) -0.22 (p = 1.4 x 10
-10
) 
Aromaticity / 0.09 (p = 8.7 x 10
-3
) 
CAI 0.16 (p = 6.3 x 10
-6
) -0.11 (p = 7.6 x 10
-3
) 
Gdown 0.12 (p = 4.0 x 10
-5
) 0.12 (p = 3.0 x 10
-4
) 
Gup 0.15 (p = 4.0 x 10
-7
) 0.15 (p = 5.7 x 10
-6
) 
Functional category AMI / -0.20 (p = 5.0 x 10
-3
) 
Functional category COF / -0.35 (p = 4.4 x 10
-2
) 
Functional category INT 0.68 (p = 1.6 x 10
-3
) / 
Functional category REG 0.62 (p = 1.7 x 10
-5
) 0.45 (p = 3.9 x 10
-3
) 
Functional category TRS -0.23 (p = 4.0 x 10
-2
) / 
Adjusted R² 0.34 0.22 
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Table 2: Main parameters of the ribosome occupancy and ribosome density models and their 
estimated coefficients taking into account two physiological states. All data obtained in both 
exponential growth (EXP) and stationary phase (STAT) were included in the models; the 
physiological state was introduced as a qualitative parameter. FAT: fatty acid and 
phospholipid metabolism, PUR: purine, pyrimidine, nucleoside and nucleotide metabolism, 5 
TRD: translation, UNK: unknown function and CELL: cellular process. . Coefficients relative 
to qualitative parameters could not be compared with those relative to quantitative ones. 
Parameter 
 
Variable to explain: 
Ribosome occupancy 
Variable to explain: 
Ribosome density 
mRNA concentration 0.17 (p = 3.2 x 10
-16
) -0.04 (p = 2.5 x 10
-7
) 
mRNA half-life -0.31 (p < 2.0 x 10
-16
) -0.10 (p < 2.0 x 10
-16
) 
CDS length 0.18 (p < 2.0 x 10
-16
) -0.13 (p < 2.0 x 10
-16
) 
Aromaticity / 0.02 (p = 8.5 x 10
-3
) 
CAI 0.11 (p = 1.4 x 10
-6
) -0.03 (p = 6.8 x 10
-5
) 
Gdown 0.08 (p = 2.7 x 10
-5
) 0.03 (p = 3.9 x 10
-5
) 
Gup 0.11 (p = 1.4 x 10
-8
) 0.04 (p = 7.3 x 10
-8
) 
Physiological status  EXP  -0.64 (p < 2.0 x 10
-16
) 0.95 (p < 2.0 x 10
-16
) 
Physiological status  STAT  0.64 (p < 2.0 x 10
-16
) -0.95 (p < 2.0 x 10
-16
) 
Functional category FAT 0.53 (p = 7.8 x 10
-4
) / 
Functional category PUR 0.24 (p = 1.0 x 10
-2
) 0.11 (p = 2.0 x 10
-3
) 
Functional category TRD -0.21 (p = 6.9 x 10
-3
) / 
Functional category UNK -0.09 (p = 4.3 x 10
-2
) -0.04 (p = 6.9 x 10
-3
) 
Functional category CELL / -0.08 (p = 4.1 x 10
-2
) 
Adjusted R² 0.48 0.91 
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Table 3: Selected determinants of protein level covariance models. Model (I) is the original 
model from (Dressaire et al., 2010). Model (II) contains the parameters as Model (I) plus two 
new explanatory parameters, ribosome occupancy and ribosome density.  
 
Parameter: 
Variable to explain:  
protein level 
 Model (I) Model (II) 
   
mRNA concentration 0.33 (p = 3.0 x 10
-7
) 0.25 (p = 9.7 x 10
-5
) 
CAI 0.54 (p = 3.5 x 10
-15
) 0.54 (p = 1.9 x 10
-14
) 
Ribosome occupancy / 0.23 (p = 5.4 x 10
-4
) 
Adjusted R² 0.52 0.56 
 5 
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Dans le premier chapitre nous avons mis en évidence que, pour un état cellulaire 
donné, la traduction était soumise à une fine régulation, en lien avec la physiologie de L. 
lactis. Afin de déterminer l’importance des régulations traductionnelles dans l’adaptation de 
la bactérie, le traductome a été comparé entre deux états physiologiques de L. lactis, en 
condition optimale de croissance et en condition de stress nutritionnel (carence en l’acide 
aminé isoleucine).  
La mesure du traductome en condition de stress et la détermination des deux 
paramètres caractéristiques de la traduction, la densité en ribosomes et l’occupation des 
ARNm par les ribosomes, ont révélé des changements significatifs pour la plus part des gènes 
par rapport à la condition optimale de culture. Ainsi, deux effets principaux au niveau de la 
traduction ont été mis en évidence lors de cette étude. Tout d’abord, un effet global sur la 
traduction de l’ensemble des gènes (à l’exception des gènes prophagiques) avec une baisse de 
la densité en ribosomes reflétée par une réduction de la taille des polysomes. Cette baisse 
globale de la charge en ribosomes résulte de la diminution des différents composants de 
l’appareil de traduction, protéines ribosomales et ARNr (figure 1 de ce chapitre). Des effets 
spécifiques (variations de l’un ou des deux paramètres de la traduction mesurés (figures 2 et 3 
de ce chapitre)) ont par ailleurs été mis en évidence pour certains gènes ou catégories 
fonctionnelles. Une régulation coordonnée négative des niveaux d’ARNm et de leur 
traduction (nommée potentiation) a été observée pour des processus liés à la croissance, la 
traduction, la transcription et le métabolisme des acides gras. Dans le cas de la réponse 
physiologique de lutte contre la carence en isoleucine, des régulations transcriptionnelle et 
traductionnelle ont été mises en place au niveau des voies de synthèse des acides aminés.  
L’étape de traduction a été ensuite replacée dans le processus global de l’expression 
génique (figure 4 de ce chapitre). Dans ce contexte, les régulations traductionnelles 
accentuent les variations au niveau transcriptomique pour des réponses physiologiques 
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majeures au stress. Cependant, pour un tiers des gènes régulés au niveau traductionnel dans la 
condition de carence en isoleucine, les régulations traductionnelle et transcriptionnelle sont en 
désaccord. Par ailleurs, pour un set de gènes dont les constantes de vitesses de transcription, 
de dilution de leur transcrit par la croissance et de dégradation de leur ARNm ont pu être 
calculées et dont on connaissait les paramètres traductionnels, la contribution de chacun des 
processus a été examinée lors de l’adaptation au stress. Il apparait pour ce set de gènes, que 
leurs paramètres de traduction sont soit légèrement diminués ou positivement régulés, alors 
que les processus de transcription et de dilution par la croissance sont généralement 
négativement régulés. Le processus de dégradation des ARNm présente des profils de 
régulation plus contrastés. Ainsi, en condition optimale de croissance, la dégradation des 
ARNm agissait de façon antagoniste à la traduction alors qu’en condition de stress, ces deux 
processus peuvent être positivement coordonnés ou agir de manière opposée. A noter qu’en 
raison du nombre restreint de protéines disponibles pour les deux conditions d’études, il n’a 
pu être établi de lien systématique entre la nature de la régulation de l’expression des gènes 
mise en jeu et le niveau des protéines résultantes. Ainsi, une détermination plus complète des 
niveaux de protéines ainsi que la mesure de temps de demi-vie de ces protéines sont des 
perspectives incontournables pour une meilleure compréhension de la variation de la 
concentration en protéine lors de l’adaptation au stress.  
En conclusion, cette étude met en évidence une régulation de l’expression génique 
stratifiée et dépendante de la fonction du gène, soulignant l’importance d’intégrer pour sa 
compréhension les régulations post-transcriptionnelles en complément des niveaux d’ARNm. 
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1. Régulation globale de la traduction dans l’adaptation au stress 
2. Régulation spécifique de la traduction dans l’adaptation au stress 
3. La place de la traduction dans l’expression génique au cours de 
l’adaptation au stress  
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ABSTRACT 
Bacterial adaptation to environmental stress is generally characterized at the 
transcriptomic and proteomic levels; however weak correlations are reported between mRNA 
and protein. Translational regulations are thus expected but not yet deciphered. To identify 
bacterial translational response to stress and determine its contribution to gene expression 
regulation, we have compared the translational status of all mRNAs in a model bacterium, 
(Lactococcus lactis) under normal condition and during nutrient (isoleucine) starvation. 
Translational status of each individual mRNA was characterized by two parameters, 
its fraction engaged in translation (ribosome occupancy) and its ribosome density. These 
translational parameters were significantly modified for most of the genes under stress 
condition. Globally, under stress, decreased ribosome density was observed in relation with a 
reduced total number of ribosomes. But translational fine tuning was also detected for 
particular functional categories. Positive translational regulations were obtained for the amino 
acid biosynthesis pathways, essential to cope with isoleucine starvation, and for prophagic 
expression. Negative coordinated translational and transcriptional regulations were observed 
for growth-related functional categories, translation, transcription and fatty acid metabolism, 
thus contributing to the slow down of L. lactis growth.  
In the context of global gene expression regulation, translational regulations enhanced 
transcriptional changes for major physiological responses under stress conditions. However, 
for one third of translationally regulated genes under isoleucine starvation, translational 
regulations disagreed with transcript changes. In addition, uncorrelated regulatory patterns 
were observed between transcription, mRNA degradation and translation. This result 
demonstrates the challenging contribution of post-transcriptional regulations in gene 
expression regulation.  
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INTRODUCTION  
Microbial cell response to environmental stress is complex and multi-stage regulations 
at transcriptional and post-transcriptional levels are involved in protein synthesis 
reprogramming. Stress responses have been extensively studied at the transcript level; 
transcriptome changes usually involved increased expression of stress-defense genes and 
reduced expression of messengers encoding ribosomal proteins and all other growth-related 
messengers (Dressaire et al., 2011; Lee et al., 2011). As cells respond to stress, proteome 
changes also occur (Roy et al., 2008; Dressaire et al., 2011; Lee et al., 2011) but most recent 
proteomics studies in microorganisms have reported poor correlation between transcriptome 
and proteome responses (Nie et al., 2006; Lu et al., 2007; de Sousa Abreu et al., 2009; Maier 
et al., 2009; Dressaire et al., 2010). Therefore, a translational response was assumed to 
contribute to stress adaptation.  
In microorganisms, translation regulations were not very often studied at the genome 
scale. Moreover, translatome studies usually compared extreme translation status of mRNA, 
e.g. no or weakly translated versus well-translated, and provided not a fine picture of the 
translation regulations during stress. In yeast, a reduced translational rate and polysome size 
was reported for most transcripts between normal and stress conditions (Kuhn et al., 2001; 
MacKay et al., 2004; Melamed et al., 2008; Halbeisen & Gerber, 2009). This response was 
associated with the modulation of gene-specific mRNA translation efficiency to maintain and 
even induce recruitment of ribosomes to mRNAs whose protein functions are essential for 
responding to stress. It was also reported in yeast that protein level changes during stress can 
result more from variations in translatome than in mRNA level (Warringer et al., 2010). In 
bacteria, no such a comparison of translatome data between normal and stress conditions was 
yet reported; bacterial translation response to stress and its relative contribution to gene 
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expression regulation are still to be determined. Nevertheless, reduced global translation 
efficiency could be expected also in bacteria since Bremmer and Dennis estimated by 
modeling that at low growth rate, the total number of ribosomes in Escherichia coli would be 
10-fold decreased (Bremer & Dennis, 1996). 
Amino acid assimilation is crucial for bacteria and this is particularly true for Lactic 
Acid Bacteria that are generally auxotroph for amino acids. A genome-wide analysis of the 
response of the lactic acid bacteria model Lactococcus lactis during progressive isoleucine 
starvation have showed an extensive transcriptomic response (Dressaire et al., 2011). A global 
reduction of major physiological activities and a more specific positive response dedicated to 
cope with the imposed nutrition starvation occurred gradually. L. lactis does not have any 
stress-related alternative sigma factor (Bolotin et al., 2001) but several global regulatory 
mechanisms were demonstrated to be involved in the regulation of this transcriptional 
response (ie. growth rate-related mechanism, stringent response and the transcriptional 
regulator CodY) (Dressaire et al., 2011). Proteome changes also occurred during isoleucine 
starvation (Dressaire et al., 2011). However systemic comparison of transcriptomic and 
proteomic data revealed weak correlation, suggesting the major role of translation regulations 
in this stress response (Dressaire et al., 2010). 
For a better understanding of L. lactis gene expression reprogramming associated with 
isoleucine starvation, we have investigated the contribution of the translational response to 
this stress adaptation. In yeast stress response, studies of translatome regulation usually relied 
on a binary measurement of translation status of mRNA, e.g. no or weakly translated versus 
well-translated. We have chosen to study in L. lactis the translatome response to isoleucine 
starvation at a more detailed level. Between normal and stress conditions, the percentage of 
mRNA in translation (ribosome occupancy) and the ribosome density were compared for all 
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individual transcripts. The detailed translatome profile in normal growth condition was 
previously obtained during exponential growth (Picard et al., submitted). By a vertical 
integrative approach, the role of the translation response in the global process of gene 
expression regulations under isoleucine starvation condition was determined. 
 
MATERIAL and METHODS  
Organism and growth conditions 
L. lactis subsp. lactis IL1403 was grown under anaerobic conditions in batch cultures 
at 30 °C, pH 6.6 and 250 rpm, in a modified chemically defined medium with ten-fold 
reduced branched amino acid concentrations as previously described (Dressaire et al., 2011).  
 
Polysomal RNA preparation  
Cells were harvested from culture after 3 h of amino acid starvation, corresponding to 
a growth rate of 0.05 h
-1
. Translation was arrested by adding 100 mg/ml chloramphenicol and 
cells were collected on ice. Cell treatment was realized as previously described (Picard et al., 
submitted). Elution fractions were pooled in five fractions named S1, S2, S3, S4 and S5 as 
described in the results section. An aliquot of cell-free extract was used in parallel to provide 
unfractionated total RNA (used as a reference sample, named S0). Five independent 
experiments from culture to polysome profile determination were carried out. 
 
Transcriptomic analysis of polysomal fractions and normalization 
For signal normalization and modeling, the free statistical software R (http://www.r-
project.org/) was used. Gene expression was measured using nylon arrays containing PCR 
fragments (Eurogentec®) for 1948 genes of L. lactis IL1403. Each gene was spotted twice on 
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the membranes. Membrane spotting and analytical support were provided by the Biochips 
Platform (Genopole Toulouse, France). From each fraction from S1 to S5 and from the 
unfractionated sample S0, a constant amount of 5 μg of total RNA was used to perform 
retrotranscription. RNA was quantified at 260 nm with Nanodrop (Thermo Scientific®). RNA 
quality was checked on Agilent 2100 Bioanalyzer (Agilent technologies®). Synthesis of 
radiolabelled cDNA, nylon array hybridization and washings were carried out as described 
previously (Redon et al., 2005a). Membranes (from S0 to S5) were exposed to a phospho-
imager screen for eleven days and scanned with a phospho-fluoroimager (Storm 860, 
Molecular Dynamics®). Five series of six membranes from S0 to S5 were obtained from the 
five independent polysomal profile determinations. For each gene, the mean of the two spot 
intensities after background removal was first calculated. For each membrane, a cutoff value 
was defined as the mean intensities of the “empty” spots plus one standard deviation as 
previously described (Redon et al., 2005a). 1709 genes presenting at least a mean intensity 
above the cutoff value for one of the six membranes were selected for further analysis. 
For each membrane series, all normalization steps including intra-series and inter-
series normalization, correction of intensity values by total RNA quantity and their centering 
reduction were done as previously described (Picard et al., submitted). 
 
Translatome variable calculations 
For the 1709 genes with signal intensities above the cutoff values, two translatome 
variables were calculated, their ribosome occupancy and ribosome density (Picard et al., 
submitted). 
For each gene, ribosome occupancy is the fraction of its mRNA population engaged in 
translation. It is calculated by summing the proportions of its mRNAs in fractions S2 to S5. In 
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fraction S1, mRNA molecules were free or associated with an incomplete ribosome, so these 
mRNAs were not considered as engaged in translation. For each gene, the five ribosome 
occupancy values obtained for each series were averaged.   
For each gene, the peak fraction corresponds to the highest mRNA proportion within 
fractions S2 to S5 containing mRNA engaged in translation. The peak fraction was 
determined by a bootstrap method on residuals. Ten thousand iterations were performed and 
the relative frequency of the highest mRNA proportion was calculated with a confidence 
interval fixed at 95 %. When the 95 % bootstrap confidence interval was not be confined to a 
single fraction, the definition of the peak fraction was widened from only one to two (or 
more) adjacent fractions and a search for the maximum was started again. From a set of 1709 
genes, a peak fraction was assigned to 1317 genes: 1288 genes had a peak fraction contained 
in a single fraction, 11 genes had a peak fraction which overlapped two adjacent fractions, and 
18 genes were found with a peak fraction extending over three adjacent fractions. For each of 
the 1288 genes, we calculated the ribosome density that was the number of bounded 
ribosomes in the peak fraction normalized with respect to the transcript length by using the 
coding sequence length instead of transcript length (not available) in our calculation. 
Ribosome density and occupancy values are available in supplementary Table S1. 
 
Enrichment analysis and clustering 
In a given gene subset, statistical test of enrichment of genes having a characteristic of 
interest was performed (Picard et al., submitted). The p-value was calculated using R 
software. Data of degradation, dilution, transcription rates, ribosome occupancy and ribosome 
density were available for 527 genes. Double hierarchal ascendant was performed with the 
ward method, using R software.  
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RESULTS  
Polysomal profile variation under stress condition 
The translatome profile was determined in L. lactis cells under isoleucine starvation 
condition obtained 3 h after total exhaustion of isoleucine from the growth medium. In this 
stress situation, L. lactis grew very slowly at 0.05 h
-1
 compared to 0.88 h
-1
 in normal 
optimized condition. After translation elongation arrest, cells were lysed and mRNA-
ribosome complexes separated according to the polysome size. Typical polysome profiles 
obtained under normal and stress condition are shown in Figure 1. Peak assignment for 
ribosomal subunits, monosomal and polysomal complexes was achieved through 16S and 23S 
rRNA measurements in each elution fraction (data not shown). In stress situation, the 
polysomal profile was less resolute and showed a broad initial peak (during the first three 
minutes) corresponding to low molecular weight proteins confined in the upper layer of the 
sucrose density gradient. 
To reach the 5 µg of total RNA required for transcriptomic analysis, the fractions 
eluted between times 0 and 4.5 minutes corresponding to mRNAs free or loaded with an 
incomplete ribosome were pooled leading to fraction S1. At the other side, the fractions eluted 
after 7.5 minutes corresponding to the more heavily ribosome-loaded mRNAs were also 
pooled together. Compared to normal conditions, RNA concentrations in the extreme eluted 
fractions were lower in cells under stress leading to a fractionation into a total of five fractions 
instead of seven in normal condition. The five resulting fractions were hybridized to the 
corresponding membranes S1 to S5.  
The number of ribosomes per transcript in the polysomal fractions S3, S4 and S5 
lacking one single ribosome resolution was estimated (Picard et al., submitted) and ranged 
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between 1.4-2.9 (mean value 2.1), 2.9-5.1 (mean value 3.9), 5.1-15.1 (mean value 8.4), 
respectively. Therefore, in stress condition, the maximal number of ribosomes per transcript 
was reduced reaching only 15 against 18 in normal condition (Picard et al., submitted). 
However, the percentage of ribosomes engaged in translation, estimated by area integration of 
the absorbance of the polysomal profile, was not significantly affected by isoleucine 
starvation, in average at 59  3 % instead of 61  2 % in normal condition. In the meantime, 
total RNA concentration in cells was reduced by half from normal (9.01 ± 0.16 g.100g
-1
 cells) 
to stress (5.43 ± 0.50 g.100g
-1
 cells) conditions while relative proportions of mRNA 
(estimated from summation of all membrane spot intensities) remained constant. Since 
ribosomal RNAs are the major components of the RNA population, a significant reduction of 
the total number of ribosomes and than polysome size is expected during stress.  
 
Stress effect on ribosome occupancy 
For 1559 genes, ribosome occupancy, which corresponds to the fraction of mRNA 
molecules engaged in translation, was obtained in both normal and isoleucine starvation 
conditions. Gaussian distribution was observed in each condition with similar median value 
(66 % in normal and 72 % in stress condition) although in stress condition, a shift of the 
distribution toward higher values of mRNA occupancy was observed (Figure 2A). 644 genes 
presented a significant variation of ribosome occupancy between the two conditions (p-value 
< 5 x 10
-2
) (Figure 2B). Under stress condition, 619 genes exhibited more mRNA molecules 
in translation whereas 25 genes were less involved in translation. Among genes with higher 
ribosome occupancy under stress, an enrichment of genes of the functional categories of 
amino acid biosynthesis and energy and base metabolisms was obtained (p-values < 0.05). 
The set of genes with significant decreased ribosome occupancy was enriched in genes related 
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to translation (rplB, rpmA, rpmE, rpmGB, rnpA, rpsP, rpsT and rpsU) and to fatty acid 
metabolism (acpA, accB and FabG1).  
 
Stress effect on ribosome density 
In L. lactis cells under isoleucine starvation, a peak fraction, corresponding to the most 
frequent number of ribosomes bound on each mRNA, was assigned to 1317 genes with a 95 
% bootstrap confidence interval. Since only 2 % of the 1317 genes had a peak fraction 
overlapping two or three fractions, we focused our analysis on the 1288 genes with a peak 
fraction confined to a single fraction. Most of these genes were highly translated with a peak 
fraction in fraction S5, corresponding to 5.1-15.1 loaded ribosomes on mRNA. Only one gene 
(yohD) had a peak fraction in the monosome fraction S2. For each of the 1288 genes, 
ribosome density was calculated as the ratio of the ribosome number in its peak fraction to the 
coding sequence length. However, 47 genes within the 1288 gene set exhibited experimental 
ribosome densities above the maximal theoretical ribosome density (3.33 ribosomes/ 100 
nucleotides). These 47 genes with aberrant ribosome densities were omitted in the subsequent 
analyses leading to a set of 1241 genes. For 816 genes, ribosome density was obtained in both 
normal and stress conditions. Figure 3A shows the distributions of their ribosome density 
ranging from 0.04 to 3.31 ribosomes per 100 nucleotides. When cells were in isoleucine 
starvation, the median ribosome density was decreased to 0.89 ribosomes per 100 nucleotides 
instead of 1.41 ribosomes per 100 nucleotides in normal condition. 
For 776 genes, the ribosome density was higher in normal condition than in stress 
(Figure 3B, lower line of genes). However, in both conditions these genes were found in the 
most heavily-ribosome loaded fraction. Therefore, these genes corresponded to the best 
translated genes in each culture condition. In this set of genes, genes with function related to 
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fatty acid metabolism, transcription and translation were over-represented. One gene named 
yohD was under monosome for both conditions (Figure 3B), but its function is not yet 
identified. Ribosome density was higher for 39 genes in stress condition compared to normal 
condition corresponding to a shift from monosome in normal condition toward polysome 
complexes in stress situation (Figure 3B, upper line of genes). Enrichment in genes related to 
phage (pi116, pi218, pi228, pi231, pi245, pi331, ps207 and ps214) was observed in this 
group. 
 
Combining both ribosome occupancy and ribosome density variations between the two 
conditions, we identified only one gene yohD not translationally regulated (both parameters 
unmodified) among the 816 genes with both measured translational parameters. 39 up-
translated genes were observed under stress condition: 19 genes including competence genes 
(comFA and comFC) and three prophagic genes (pi245, ps207 and ps214) having both 
translational parameters higher (Figures 3B, red genes in the upper gene line) and 20 genes 
including prophagic genes (pi116, pi218, pi228, pi23 and pi331) exhibiting higher ribosome 
density but no ribosome occupancy variation (Figures 3B, black genes in the upper gene line). 
On the contrary, we identified 420 down-translated genes under stress condition: 6 genes 
exhibiting both translational parameters lower (Figures 3B, green genes in the lower gene 
line) and 414 genes presented lower ribosome density but unchanged ribosome occupancy 
(Figures 3B, black genes in the lower gene line). On the other hand, 356 genes exhibited 
inverse translational parameter regulations with decreased ribosome density but increased 
ribosome occupancy (Figures 3B, red genes in the lower gene line). 
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Multiple regulatory levels in gene expression 
Translation is one of the final layers of gene expression control. Indeed, protein 
concentration is dependent on the regulation at the translation level (related to ribosome 
density and ribosome occupancy) but also on upstream regulations at the level of mRNA 
concentration. mRNA concentration in cells is balanced between transcription rate, 
degradation rate and dilution rate by growth. To quantify the relative importance of 
translation regulation in this multilevel network during isoleucine starvation, we have 
calculated and then compared variations of the different rate constants and translational 
parameters involved in genes expression.  
The mRNA degradation rate constants kdeg were obtained from data half-lives (kdeg = 
ln2 / t1/2) measured after rifampicin addition and reported in normal and stress conditions, 
respectively in (Redon et al., 2005a) and (Dressaire et al.). The dilution rate constant 
corresponds in fermentation to the growth rate µ. Assuming that a steady-state was 
established, the transcription rate VT of a gene is the sum of the degradation and dilution rates 
according to the equation:    mRNAµmRNAknumbercopiegenekV transT  deg  (2), 
where ktrans is the transcription rate constant and genecopienumber is the copies number of the 
gene in the cell. The ratio of the transcription rate constants between normal and stress 
conditions, under the assumption of constant gene copies numbers in the two conditions, can 
be calculated according to the equation (3): 
      
      
      
       
     
                            
     
                            
 
 
mRNA concentrations in L. lactis cells under normal [mRNA]
normal 
and stress 
[mRNA]
stress 
conditions were previously measured in (Dressaire et al., 2011). All these 
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genome-scale data were acquired in L. lactis cells grown in standardized conditions in 
bioreactor. Ratios of the transcription, mRNA degradation and dilution rate constants and of 
the two translational parameters, ribosome occupancy and ribosome density, between stress 
and normal conditions were calculated for 527 genes.  
A hierarchical clustering of genes using these ratios was performed (Figure 4A). In 
stress condition, in a general way, transcription and dilution rate constants decreased 
significantly (ratios lower than 1) while ratios of translational parameter were either almost 
constant or increased (ratios close or higher than 1, respectively); depending on genes, mRNA 
degradation rate constants were either unchanged, increased or decreased (66 ratios above or 
equaled to 1 and 461 ratios below 1). On this set of genes, a general trend of inverse 
contribution of translation compared to dilution and transcription can be concluded in L. lactis 
under isoleucine starvation.  
Five gene clusters with specific patterns of gene expression regulation were defined. 
These results were compared to variations in protein concentrations when available (Figure 
4B). 
Cluster 1 (24 genes) consisted in gene expression regulation related to a strong 
increase of ribosome density under stress condition (very high ribosome density ratios), the 
genes moving from monosome to polysome complexes. In this cluster, 8 genes related to 
prophages (pi116, pi218, pi228, pi231, pi245, pi331, ps207 and ps214) were present. This 
positive regulation of translation could be related to a twofold increased concentration of the 
protein MurF (involved in cell envelope structure) under stress condition.  
For genes of the second cluster (51 genes), mRNA degradation rate constants were at 
least constant or even increased between stress and normal conditions, and when increased the 
factor was significantly higher (darker color) than the ones of translational parameters. This 
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cluster was enriched in genes involved in energy metabolism, prophage expression and 
transport (in particular PTS transport via ptnC and ptnAB). For the three proteins of this 
cluster measured in both conditions, no change at the protein level could be related to mRNA 
destabilization in stress condition.  
In the third cluster (152 genes), the most extreme ratios involved in gene expression 
regulation corresponded to the increase of ribosome occupancy (ratios above 1) and to the 
reduction of mRNA dilution by growth (lightest color). This cluster was enriched in genes 
related to amino acid biosynthesis (aromatic amino acids via aroA, aroC, aroD and aroE and 
aspartate via asnH, aspC, hom, thrA and thrC), transport (general transport with yhcA, yiiF, 
ysaB, ysfB, ysiA and ysiB; amino acid and peptide transport with busA, ctrA, optA, optB, optC, 
optD, ydgB, ydgC and yvdF; carbohydrate transport with glpF1, rgpC and ypbD; cation 
transport with cadA, mtsA, mtsB, mtsC, nah and yogJ; multidrug resistant transport via pmrA) 
and central  intermediary metabolism (with genes amyL, glgA, glgP, nagA, xynD and yucG). 
Genes of clusters 4 (125 genes) and 5 (175 genes) exhibited quite similar regulatory 
patterns with slightly decreased or up-regulated translational parameters associated with 
strongly down-regulated transcription and dilution rate constants. Nevertheless, the reduction 
of dilution rate constant compared to the one of transcription seemed globally less pronounced 
in cluster 4 than in cluster 5. In cluster 4, we found an over-representation of genes related to 
fatty acid metabolism (genes accB, accC, accD, fabF, fabG1, fabZ2, fadD, yeaG and yscE), 
and base metabolism (apt, pdp, prsA, deoC, purB, purK, purN, pyrB, pyrC and udp). Cluster 5 
was enriched in genes related to cell envelope (genes involved in peptidoglycan with acmB, 
asd, dacB, glmU, mreC, mreD and pbp1B; in surface polysaccharides with mvaA, pspB, rgpA, 
rgpB, ymjF, ysfC, ywaF and ywaG; in membrane with dgkA) and replication (genes involved 
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in DNA synthesis with exoA, nth, uvrA and uvrB, and in DNA degradation with dnaD, dnaE, 
dnaQ, hexA, holB, hsdS, mutS, pcrA, recN and ruvB). 
Concerning these two clusters, protein level analysis revealed significant positive 
variations for PyrB (2.4 fold), PyrC (1.8 fold), PurB (1.4 fold) and ThyA (2.8 fold) four 
proteins related to base metabolism, for FtsZ (3.2 fold) and SecA (1.5 fold) with cellular 
metabolism, and AccC (1.4 fold), PtsK (2 fold), GlyA (2.3 fold) involved respectively in fatty 
acid metabolism, transport and serine synthesis. On the contrary, these regulatory patterns led 
to lower protein concentrations like for AdhE (0.7 fold), YpdD (0.7 fold) and YrcA (0.6 fold) 
involved in energy metabolism, FabG1 (0.4 fold) involved in fatty acid metabolism and for 
the DNA helicase PcrA (0.4 fold). 
 
DISCUSSION 
Isoleucine starvation is a stressing situation for L. lactis that induced a global 
physiological response consistent with a growth rate reduction and a specific response aiming 
at supplying cells with de novo synthesis of isoleucine (Dressaire et al., 2011). In this work, 
we have compared the translation status of all individual mRNAs of L. lactis cells under 
normal growth condition (at optimal growth rate) to cells under isoleucine starvation and 
integrated translational regulations in the global process of gene expression regulation in 
stress response. For each mRNA, translation status was characterized by two parameters, 
ribosome occupancy, the fraction of mRNA molecules engaged in translation, and ribosome 
density. Under stress condition, of 816 genes with both measured parameters, all genes except 
one were translationally regulated with one or both affected translation parameters.  
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A general translational response was observed in L. lactis under isoleucine starvation. 
Under stress condition, maximal sizes of polysome complexes and median ribosome density 
were decreased. Reduced number of loaded ribosomes was also reported in yeast after 
stringent stress (Thomas & Johannes, 2007; Melamed et al., 2008) and amino acid starvation 
(Smirnova et al., 2005). So for most of the genes (95 %) in L. lactis a lower ribosome density 
value was obtained although these genes corresponded still to the best translated genes in this 
stress condition. Reduction of ribosome number thus appears as a global response 
indiscriminately affecting all the different mRNA species (with only few exceptions such as 
prophagic genes). In contrast, ribosome occupancy was less sensitive to the adaptation 
process since only 47 % of genes had modified ribosome occupancy. The vast majority of 
these genes had increased ribosome occupancy, in contrast with their reduced ribosome 
density; only 2 % exhibited decreased ribosome occupancy.  
This global translational response in L. lactis cells under amino acid starvation was 
related to a reduced total number of ribosomes but not to a modification of the proportion of 
translating ribosomes. This result is in agreement with reports of ribosome biogenesis 
correlated in microorganisms with the growth rate and with the observation of a constant 
percentage of translating ribosomes at different growth rates (Bremer & Dennis, 1996; Scott 
et al., 2010). Protein concentrations of genes involved in translation process (ribosomal 
proteins) were demonstrated to be lower in stress condition (Dressaire et al., 2011). In this 
case, these genes were down-regulated at the transcriptional level (Dressaire et al., 2011) but 
we have demonstrated here that they were also down-regulated at the translational level. 
These genes had lower ribosome density and notably were part of the 2 % of genes with lower 
ribosome occupancy in stress condition..In stress response, the negative coordinate 
transcriptional and translational responses (i.e. negative potentiation) on ribosomal protein 
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expressions is thus a common feature of bacteria (this work) and yeast (Melamed et al., 2008). 
Synthesis of ribosomal proteins, which are the most abundant proteins in cells, is a very 
energy consuming process. Therefore, it must be tightly regulated in stress response, probably 
in order to control the rate of growth and balance energetic and anabolic requirements.  
This global regulation at the translational level was only partially correlated with the 
transcriptional response. Indeed, we obtained for the 420 genes down-translated under stress 
that 63 % were also down-regulated at the transcriptional level. A number of 155 down-
translated genes was thus not controlled or positively controlled at the transcriptional level. 
Similarly, no coordination of transcriptional and translational changes was observed for the 39 
up-translated genes under isoleucine starvation. In addition, between normal and stress 
conditions, examination of the complete regulatory patterns of gene expression (527 genes 
with all measured rate constants involved in mRNA pool regulation and translational 
parameters) showed uncorrelated regulations involving strong down-regulations of 
transcription and dilution by growth on one hand, and slightly decreased or up-regulated 
translational parameters on another hand; in the meantime, all kind of mRNA degradation 
regulations were observed. These results show how post-transcriptional regulations at the 
level of translation and mRNA stability can interfere with transcriptomic tendency and can be 
in part responsible for the observed lack of correlation between transcript and protein levels.  
 
In addition to the global translational regulation, we identified specific translational 
effects for specific stress-related functions. First of all, to supply L. lactis cells with isoleucine 
during starvation, genes involved in amino acid biosynthesis pathways were enriched in the 
group of genes with increased ribosome occupancy. This pathway was positively regulated at 
the transcriptional level (Dressaire et al., 2011). Therefore, de novo synthesis of isoleucine 
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was regulated at both trancriptomic and translational levels reflecting the essentiality of this 
response to L. lactis cell survival under isoleucine starvation.  
In addition, a prophagic response was induced at the translational level in L. lactis 
cells under isoleucine starvation. Prophagic genes were found in the 5 % of translationally up-
regulated genes which moved from monosome to polysome in stress condition, at the opposite 
of the general trend of decreased ribosome density. This increased ribosome density was the 
major regulatory parameter of 8 prophagic gene expression (found in cluster 1) while a 
specific expression regulation linked to an increase of mRNA degradation in stress condition 
was also noted for prophage genes found in cluster 2. During cheese manufacture, prophage 
induction is observed when L. lactis reached the late stationary phase. This prophage 
induction has a technological interest since it provokes L. lactis lysis and is responsible of the 
cheese ripening (O'Sullivan et al., 2000). Although prophage massive up-regulation at the 
transcriptional level was not observed under isoleucine starvation (Dressaire et al., 2011), 
prophage up-regulation was reported at the transcriptomic level when L. lactis cells were 
facing stressful growth condition (Raynaud et al., 2005; Redon et al., 2005b).  
A slow down of growth is observed in L. lactis under isoleucine starvation. For some 
growth-related processes, other than translation, we found a negative translational regulation. 
It was the case, for the fatty acid metabolism (with genes accB and fabG1 exhibiting both 
ribosome density and ribosome occupancy decreased and with 8 genes having lower ribosome 
density and unchanged ribosome occupancy), and transcription (9 genes having lower 
ribosome density and constant ribosome occupancy). It was described that transcription and 
fatty acid metabolism were down-regulated at the transcriptomic level under isoleucine 
starvation (Dressaire et al., 2011). Negative potentiation with correlated transcriptomic and 
translational down-regulations is thus present for these growth-related functional categories. 
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In the specific case of fabG1, this negative potentiation could explain the significant lower 
protein concentration observed in stress condition.  
On the contrary, for two other growth-related functional categories, energy 
metabolism and base synthesis, we observed inverse transcriptomic and translational 
regulations under stress condition: increased ribosome occupancy was associated with lower 
transcript level (for genes citB, enoB, lacC, pflA, pycA, tkt, ypjF and yrjB). Genes related to 
base metabolism were enriched in cluster 4 indicating that enhanced ribosome occupancy and 
lower rate constants of transcription and dilution of mRNA by growth were the most varying 
regulatory factors in stress condition for these genes. For four proteins involved in base 
metabolism, this regulatory pattern led to a higher concentration. In addition, genes involved 
in carbon metabolism and transport were over-represented in cluster 2 showing the 
importance of mRNA degradation (up)regulation between normal and stress conditions in 
gene expression regulation.   
 
In conclusion, this study demonstrated the contribution of translation regulation in the 
global process of gene expression regulations under isoleucine starvation. Translational and 
transcriptional changes were coordinate for some physiological responses such as the down-
regulations of translation and of growth-related processes. However this was not systematic, 
uncorrelated and even inverse translational and transcriptomic regulations were also observed. 
Therefore post-transcriptional regulations contributed to gene expression control during stress 
adaptation. For a better understanding of protein concentration variation under stress, it is thus 
crucial to include this layer of regulation in the multilevel regulation of gene expression. Only 
few protein concentrations were available in both normal and stress conditions. Therefore, no 
systematic link between expression regulation pattern and protein level could be provided. 
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Further investigation of protein concentration and turn-over will be required in the future to 
understand more deeply protein level variation in L. lactis response to stress condition.  
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LEGENDS 
 
Figure 1: Polysomal profiles of L. lactis cells in stress condition linked to isoleucine 
starvation (stress condition, continuous line) obtained in this study. For comparison, the 
polysome profile previously observed in exponential phase (normal condition, dotted line) 
(Picard et al., submitted) is also included. The polysome profile was fractionated into a total 
of five fractions: S1, fractions eluted between times 0 and 4.5 minutes; S2, fractions eluted 
between 4.5 and 5.5 minutes; S3, fractions eluted between 5.5 and 6.5 minutes; S4, fractions 
eluted between 6.5 and 7.5 minutes; S5, fractions eluted after 7.5 minutes.  
 
Figure 2:  (A) Ribosome occupancy distribution in both normal and stress conditions for 
1559 genes. (B) Variation in ribosome occupancy between stress and normal conditions. 
Genes with ribosome occupancy significantly increased in stress condition compared to 
normal condition were colored in red (619 genes) while those with significantly decreased 
ribosome occupancy were in green (25 genes) (Student test, p-value < 0.05). 
Figure 3: (A) Ribosome density distribution in both normal and stress conditions. 816 genes 
had a ribosome density determined in both normal and stress conditions. (B) Variation in 
ribosome density between stress and normal conditions. In addition, consistently with Figure 
2, we colored in Figure 3B, in red: genes with higher ribosome occupancy in stress condition 
compared to normal condition and in green: genes with lower ribosome occupancy in stress 
condition than in normal condition. 
Figure 4: (A) Hierarchical clustering of genes based on expression regulation. Genes were 
clustered using ratios between stress and normal conditions of rate constants (transcription 
ktrans, degradation kdeg and dilution rate µ) and translational parameters (ribosome density and 
ribosome occupancy) involved in gene expression regulation (527 genes). The column 
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reference corresponds to a ratio of 1. Therefore, for each gene, darker and lighter colors than 
the reference color indicate higher and lower ratios than 1, respectively. (B) Variation in 
protein concentrations between stress and normal conditions. In each cluster, protein 
concentration ratios were calculated between stress and normal conditions when available in 
(Dressaire et al., 2011).   
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Figure 3 
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Figure 4 
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La place de la traduction et de ses régulations dans l’expression génique a été 
quantifiée et caractérisée au travers les deux précédents chapitres. Ici, la traduction a été 
étudiée non plus comme un élément régulateur de l’expression génique en soi, mais comme 
un mécanisme composé de trois étapes, l’initiation, l’élongation et la terminaison finement 
contrôlées. Ce travail a été réalisé grâce à une collaboration avec l’équipe de biotechnologie 
computationnelle des systèmes dirigée par le Professeur Vassily Hatzimanikatis, de l’Ecole 
Polytechnique Fédérale de Lausanne. Dans cette étude au sein du processus de traduction, les 
ribosomes peuvent être assimilés à des véhicules et l’ARNm à une route dont nous avons 
étudié l’état du trafic et l’effet de son affluence sur l’avancée des ribosomes.  
A partir de nos données de traductome, la distribution des ARNm en fonction du 
nombre de ribosomes chargés a été caractérisée (figures 2 à 5 de ce chapitre) puis, pour 
chacun des gènes, la vitesse de synthèse protéique (vitesse de synthèse d’une protéine par 
l’ensemble des ribosomes présents sur l’ARNm) a été modélisée. Une vitesse maximale par 
copie d’ARNm de 1,3 molécules de protéine par seconde a été obtenue chez L. lactis. Nous 
avons mis en évidence que cette vitesse maximale était dépendante de la densité en ribosomes 
du transcrit. Ainsi, selon la fonction codée par le transcrit des vitesses de synthèse protéique 
différentes ont été obtenues (figure 6 de ce chapitre).  
Les niveaux de contrôle de cette vitesse par chacune des trois étapes élémentaires ont 
été calculés afin d’identifier la ou les étape(s) limitante(s) du processus de traduction (figure 
7A de ce chapitre). Un test de sensibilité sur les gènes courts a confirmé la robustesse de nos 
résultats (figure 9 de ce chapitre).  
Une limitation lors de l’insertion des véhicules sur la route (limitation par l’étape 
d’initiation) conduira à un trafic fluide mais avec peu de véhicules alors qu’un embouteillage 
sur la route (limitation par l’étape d’élongation) conduira à un ralentissement général de la 
vitesse des véhicules mais à un nombre élevé de ces derniers. Enfin, une limitation par la 
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terminaison causera un fort ralentissement au niveau de la sortie de cette route. Contrairement 
a ce qui a pu être postulé, nous avons déterminé chez L. Lactis que le type de contrôle variait 
en fonction des gènes. Ainsi, tous les gènes ne sont pas soumis à une régulation par l’étape 
d’initiation et de façon intéressante un nombre important de gènes est soumis à une régulation 
mixte par l’initiation et l’élongation (figure 7B de ce chapitre). Ce résultat fait écho à l’étude 
du traductome en condition optimale de croissance où nous avions montré l’importance des 
propriétés de l’ARNm intervenant au niveau de l’initiation (repliement de l’ARNm) et de 
l’élongation (biais de codon) sur l’efficacité de traduction. Par ailleurs, la nature du contrôle 
est en lien avec la physiologie de L. lactis (figure 8 de ce chapitre), soulignant l’importance de 
l’état de traduction dans le fonctionnement cellulaire. 
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Translation modeling and control 
 
 
This chapter is the result of collaboration between the Laboratory of Computational 
Systems Biotechnology (with Pr. Vassily Hatzimanikatis and his PhD ‘student Julien Racle) 
from EPFL, Switzerland and the team of metabolic engineering of prokaryotes (with Dr. 
Muriel Cocaign-Bousquet, Dr. Laurence Girbal and their PhD ′student Flora Picard) from 
LISBP, France. This chapter was written by Flora Picard in agreement with all 
collaborators. 
The results presented in this chapter will be part of a future publication (Racle et al.), its 
writing is currently in progress. 
 
ABSTRACT 
Protein synthesis rate and translation control were determined for more than one 
thousand genes of Lactococcus lactis cells in optimal growth. We used kinetics model of 
bacterial translation implemented with experimental ribosome densities of L. lactis genes. The 
modeling results were consistent even when the gene set was modified to take in account 
potential bias related to gene length. Half of the genes exhibited low ribosome density and 
translation rate limited mainly by initiation. Elongation limitation increased with increasing 
ribosome coverage and constituted the main rate-limiting step for genes with ribosome 
coverage between 0.55 and 0.9. Under such a translational control, maximal protein synthesis 
rate was reached. Termination limitation also occurred and exerted the main control for 11 
genes. The three steps of translation were thus involved to a variable degree in L. lactis 
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translation. In some cases, genes with related functions showed similar translation rate and 
control in agreement with cellular requirement.   
 
INTRODUCTION 
Translation is involved in the multi-layer process of the gene expression: translation 
allows the transfer of gene coding information from RNA to protein through ribosome action. 
Translation is composed of three successive steps, namely initiation, elongation and 
termination. First ribosome binds to mRNA at the ribosome binding site to initiate translation 
at the beginning of the coding sequence. Then, during the elongation, ribosome moves 
forward on the mRNA sequence reading codon after codon to synthesize the corresponding 
sequence of amino acids. Ribosome stops translation when it reaches the stop codon. This is 
the termination step leading to the release of the free native protein and the ribosome. When 
several ribosomes are translating the same mRNA molecule, this mRNA-ribosomes complex 
is called polyribosomes or polysomes.  
Ribosome density influences translation efficiency: it is postulated that the higher the 
number of bound ribosomes, the greater the number of protein molecules produced from a 
transcript. Ribosome density results of kinetic regulations that occur during protein synthesis 
steps. To understand protein synthesis control, characterization of ribosome movement along 
mRNA was investigated via computational studies. However, few experimental genome-wide 
data of ribosome density are nowadays available. In yeast, (local) ribosome density of each 
mRNA was recently obtained (Ingolia et al., 2009) and integrated in protein synthesis 
modeling (Siwiak & Zielenkiewicz, 2010; Sharma & Chowdhury, 2011). Efficient process of 
protein molecules produced at the level of individual genes was linked in yeast to high value 
of ribosome density related to fast initiation time (Siwiak & Zielenkiewicz, 2010). However, 
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protein synthesis rate was shown to be affected by steric hindrance caused by congestion 
ribosome traffic (Sharma & Chowdhury, 2011).  
 
In prokaryotes, the group of Pr. V. Hatzimanikatis investigated how protein synthesis 
rate and control are related to ribosome density (Mehra et al., 2003; Mehra & Hatzimanikatis, 
2006; Zouridis & Hatzimanikatis, 2007, 2008). They developed a kinetic model for translation 
in Escherichia coli that accounted for all elementary steps and applied a control analysis 
framework to determine if translation is initiation-, elongation- or termination-limited under 
different ribosome densities. They found that translation rate increased with the ribosome 
density, reached a maximum and then decreased. For almost the entire range of ribosome 
densities, the translation kinetics were either initiation- or elongation-limited, the maximum 
protein synthesis occurring at a ribosome density corresponding to elongation-limitation 
(Zouridis & Hatzimanikatis, 2007, 2008). However, all these studies were only based on an in 
silico estimation of ribosome density since no experimental data of ribosome density was yet 
available in prokaryotes.  
Recently, the ribosome density of each mRNA present in a cell was for the first time 
experimentally measured in a bacterium (Lactococcus lactis) (Picard et al.). A great 
variability of ribosome densities was obtained ranging from 0.02 to 3.31 ribosomes per 100 
nucleotides. By integrating this bacterial ribosome density dataset into previous translation 
models of Pr. V. Hatzimanikatis group, protein synthesis rate and control were determined at 
the level of individual genes in the bacterium Lactococcus lactis. From a physiological point 
of view, the relationships between translation level and control and protein function was 
determined. At last, the sensitivity of the modeling results to bias in ribosome density dataset 
was tackled. 
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MATERIAL and METHODS  
Experimental data 
Genome-wide ribosome density, ribosome occupancy (fraction of mRNA molecules 
engaged in translation), mRNA concentrations and mRNA half-lives were experimentally 
obtained in L. lactis cells grown in exponential phase at a growth rate of 0.88 h
-1
 (Redon et 
al., 2005a; Picard et al.). Under similar condition, the fraction of ribosomes engaged in 
translation, noted βr, was experimentally determined and equaled to 0.61 (Picard et al.). 
 
Protein synthesis rate calculation 
Translation was modeled by considering the individual motion of the ribosomes along 
the mRNA chain (Figure 1) (Heinrich & Rapoport, 1980; Mehra & Hatzimanikatis, 2006). 
The first step is the binding of the ribosome to the initiation site. The ribosome is then 
considered as a hard body that covers a number L of codons, (considered to be 10 in our study 
(Laursen et al., 2005)) that can move along the mRNA. At the final stage, when reaching the 
termination codon, the ribosome releases its newly formed protein and the ribosome unbinds 
from the mRNA. For the mathematical formulation of the model, we consider the mass 
balance equations for the codons occupied by the front of a ribosome: 
 M l
dxi
l
dt
=Vi-1
l -Vi
l i = [1, nl +1]      (1) 
where Ml is the copy number of the mRNA species l engaged in translation, xi
l is the 
probability of having a ribosome front in codon i of mRNA species l, Vi
l are the various fluxes 
of transitions of the ribosomes, defined in the following way: 
 V0
l ºVI
l = kI
lRfM lWI
l
        (2) 
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 Vi
l = kE,i
l M lxi
lWi+1
l i = [i,nl ]      (3) 
 Vn+1
l ºVT
l = kT
l M lxnl +1
l         (4) 
The initiation, elongation and termination rate constants are given by kI
l , kE,i
l  and kT
l  
respectively. In these equations we have kept the elongation rate constant as codon-dependent 
(i.e. kE,i
l ) however for the rest of this study we will use an averaged value, codon-independent, 
noted simply kE. Rf  represents the free ribosomes. WI
l is the probability that the initiation 
site of mRNA species l is empty, and Wi+1
l is the probability that codon i+1 is empty knowing 
that the front of a ribosome is on codon i. These probabilities are given by: 
 WI
l =1- xj
l
j=1
L
å         (5) 
 Wi+1
l =
1-
xi+L
l
1- xi+ j
l
j=1
L-1
å
i = [1,nl - L +1]
1 i > nl - L +1
ì
í
ï
î
ï
     (6) 
It is therefore needed to solve for each species nl +1 nonlinear ordinary differential 
equations. Note however that we are looking for the steady state solutions of the system. 
The absolute protein synthesis rate of gene species l is given by VT
l  of equation 4. This 
corresponds to the rate of synthesis of proteins from this species from all mRNA copies of 
this species together. The experiment could not determine the absolute concentrations of the 
mRNA species, but it was possible to obtain relative concentrations between the species. We 
can therefore get a "normalized absolute protein synthesis rate" for each species and compare 
their values. The specific protein synthesis rate is defined as the rate of synthesis of proteins 
per mRNA copy. It is therefore given by: 
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 Vs
l =
VT
l
M l
= kT
l × x
nl +1
l         (7) 
The ribosome coverage as defined in (Zouridis & Hatzimanikatis, 2007, 2008), noted 
ρl, was proportionate to polysome size, the number of ribosomes bound to a single mRNA 
molecule.  
 rl =
xi
l
i=1
nl +1
å
N Léê ùú
=
Pl
N Léê ùú
       (8) 
rl  varies therefore between zero (no ribosome loaded on mRNA) and one (full coverage of 
the mRNA by ribosomes). Pl is the polysome size on mRNA species l. Note that ×éê ùú  denotes 
the ceil function of the argument, used here to account for the fact that near the 
initiation/termination codons, the ribosome is not fully on the coding sequence but also 
partially on the untranslated region. 
Rate constants for each translation step and for an mRNA l were noted k
l
I for 
initiation, k
l
E for elongation and for termination k
l
T. Elongation rate was considered the same 
along the coding sequence and we used the cell-averaged value of 23 amino acids per second 
and ribosome calculated for L. lactis in a similar way than in E. coli (Bremer & Dennis, 1996) 
using the following values: in exponential growth at 0.88 h
-1
,
 
one gram of L. lactis dried cells 
contained 0.45 g of proteins and corresponded to 1.7 x 10
12
 cells, and available measured 
percentages of each amino acid in protein (Novak & Loubiere, 2000). In order to determine 
the value of the free parameters kI
l  and kT
l  for each gene we made an assumption: the cell 
maximizes the protein synthesis rate of each of its mRNA at steady state. With this 
assumption and knowing the experimental polysome size of each gene (Picard et al.), we 
could determine the unique pair of initiation and termination rates constant that was resulting 
in this polysome size and maximum protein synthesis rate. 
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Translation control coefficients 
Control coefficients of initiationCkI
v , elongation CkE
v  and termination CkT
v were 
determined at steady state with sensitivity analysis (Zouridis & Hatzimanikatis, 2008). These 
coefficients are defined as the relative percent change in synthesis rate in response to a 1% 
change in a given rate constant, mathematically: 
 CkI
Vs
l
=
dVs
l Vs
l
dkI
l kI
l
       (9) 
 CkE
Vs
l
=
dVs
l Vs
l
dkE
l kE
l
       (10) 
 CkT
Vs
l
=
dVs
l Vs
l
dkT
l kT
l
       (11) 
Note that due to the form of the system solved, the following identity appears between the 
control coefficients: 
 CkI
V l +CkE
V l +CkT
V l =1       (12) 
 
Distribution of mRNA fragment sizes  
To characterize the distribution of mRNA fragment sizes, we developed a simplified 
model of transcription and mRNA decay. In this model we considered a direct binding of the 
RNA polymerase to its promoter. Each gene was assumed to have one and only one promoter 
site. The transcription elongation rate was assumed uniform. The model also allowed for the 
decay of full-sized mRNA chains. We therefore solved the following system of equations and 
determined the steady-state values. 
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dm1
l
dt
= kbind
l ×RNApfree ×WI
l - ktranscr ×m1
l ×W1+1
l
dm2
l
dt
= ktranscr ×m1
l ×W1+1
l - ktranscr ×m2
l ×W2+1
l
dm
nl
l
dt
= ktranscr ×mnl -1
l ×W
nl -1+1
l - kterm
l ×m
nl
l
dM l
dt
= kterm
l ×m
nl
l - kdecay
l ×M l
ì
í
ï
ï
ï
ï
ï
î
ï
ï
ï
ï
ï
 (13) 
where mi
l  is the number of fragments of mRNA species l of length i (these fragments are still 
bound to the RNA polymerase, RNAp); M l is the number of full length mRNA of species l; 
RNApfree are the free RNA polymerases; WI
l  and Wi+1
l  are the conditional probabilities of 
having the given DNA bp free, defined similarly than in equations (5) and (6); ktranscr  is the 
transcription rate constant and is given a similar value than translation elongation rate as 
diverse experiments observe concurrent transcription and translation having about the same 
rate (we use ktranscr = 20 codons/s = 60 bp/s); kterm
l - the transcription termination constant - is 
taken equal to the transcription elongation to be non-rate limiting as has been observed; kdecay
l  
is the mRNA decay rate and is known for most of L. lactis genes from experiments (Redon et 
al., 2005a); and kbind
l  is the RNAp binding rate constant to the promoter of gene species l, the 
value of this rate was computed in order to have the steady state value of M l  matching the 
experimental measures of mRNA concentrations. 
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RESULTS and DISCUSSION 
Polysome size distribution 
Analysis of polysome size distribution 
Recently, the different polysome sizes, the numbers of ribosomes loaded on each 
mRNA molecule, were determined for 1619 genes of the bacterium L. lactis grown in 
exponential phase (Picard et al.). As previously described, mRNA-ribosome complexes were 
separated in seven fractions according to their polysome size ranging from -1 to 14. The two 
first fractions corresponded to untranslated mRNAs, polysome size -1 meaning ribosome-free 
transcript or in co-sedimentation with the small subunit and polysome size 0 indicating 
mRNAs in co-sedimentation with large ribosome subunit. The last five fractions were 
composed of mRNAs engaged in translation with average number of loaded ribosomes from 1 
to 14. For each gene, its mRNA proportion under each of the seven polysome sizes was 
determined (Picard et al.).  
For 1619 genes, the plot of the proportions of mRNA under each polysome size 
showed an unexpected distribution (Figure 2). Indeed, we were expecting a unique number of 
loaded ribosomes for a given mRNA species, leading to a single narrow peak in the plot of the 
proportions of mRNAs according to the polysome size. Instead we generally observed broad 
peaks around polysome sizes 0 and 14. Under the assumption of a uniform ribosome density 
for a given mRNA species, the number of loaded ribosomes is proportional to the mRNA 
length. Therefore, could this unexpected distribution reflect heterogeneous mRNA lengths in 
the cell? Indeed, when determining the polysome size of mRNA, the experiment could not 
assert if the mRNA copy was a full size mRNA or only a fragment since classic 
transcriptomic techniques were used. In bacteria, coupling translation with transcription could 
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result in incomplete mRNA synthesis while mRNA degradation process of full-length 
mRNAs will generate truncated mRNA molecules of variable sizes. In addition, it has been 
demonstrated that mRNA degradation occurred on mRNA molecules still involved in 
translation (Hu et al., 2009). Therefore we decided to investigate the cellular distribution of 
mRNA fragment sizes using a modeling approach. We developed a simplified model, where 
the transcription rate was similar to translation one and where mRNA decay of full-length 
mRNAs was taken in account. Stochastic simulations of various genes were done, and 
distribution of the proportion of non full-length mRNAs (called mRNA fragments) was 
determined for several gene lengths (Figure 3). Results revealed that more than 95 % of 
mRNAs were full-length molecules independently of the gene length. Therefore, variability of 
mRNA length could not explain the observed distribution of mRNA proportion under each 
polysome size. 
More precisely, positive correlation (Pearson coefficient above 0.21 and p-value < 10
-
18
) was obtained between mRNA proportions in polysome sizes 4.1, 7.4 and 14 showing that 
polysome sizes of highly translated mRNAs varied in parallel within these three fractions. 
Surprisingly, we observed a strong opposite correlation (Pearson coefficient above 0.58 and 
p-value < 10
-143
) between mRNAs co-sedimented with large ribosome subunit (polysome size 
0) and those with large polysome sizes (4.1, 7.4 and 14). An explanation of this specific 
inverse correlation would be that mRNAs in fraction under polysome size 0 can not undergo 
the complete translation initiation process preventing additional ribosome loading. Since 
according to the literature on translation initiation process, binding of the large ribosome 
subunit alone at the initiation location is very improbable, we can suggest that in fraction 
under polysome size 0, mRNAs co-sedimented with other RNA binding protein complexes 
than the 50S subunit to block translation initiation. It is interesting to note that we detected in 
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this fraction the 16S rRNA specific of the small ribosome subunit. It could be suggested that 
the small ribosome subunit could be sequestered on the mRNA by a RNA binding protein 
before the large ribosome subunit docking, preventing translation initiation (Kaberdin & 
Blasi, 2006). In addition, the degradosome, a RNA binding multi-protein complex involved in 
RNA degradation in bacteria (Roux et al.) has a similar molecular weight than the large 
ribosome subunit around 1500 kDa (Carpousis, 2007). Co-sedimentation of mRNA molecules 
with this complex in fraction under polysome size 0 blocking translation can not be ruled out. 
 
Effects of mRNA stability and operonic structures on polysome size  
According to the above section, mRNAs in translation were mainly measured in their 
full length, suggesting than mRNA decay was so fast that we could not capture any mRNA 
fragment. However, we wondered if the polysome size could be dependent on the mRNA 
half-life. So mRNAs were grouped in four classes according to their half-life value and for 
each group, the median percentage of mRNAs under a given polysome size was plotted 
(Figure 4). When the half-life value increased from 1.98 to 16.25 min, we observed increased 
median proportions of mRNAs ribosome-free or bound to incomplete ribosome (polysome 
size 0) concomitant with decreased median proportions at polysome sizes 7.4 and 14. 
Therefore, less stable mRNAs (short half-life) tended to be more engaged in translation and 
with higher polysome sizes. This result confirms our previous observations of the negative 
correlation between mRNA stabilization and translation (Picard et al.), although transcript 
stabilization after ribosome binding is generally expected. 
In prokaryotes, some genes are organized in operonic structure, they are transcribed 
under the control of the same promoter into a common mRNA molecule. We previously 
observed that this polycistronic structure did not induce any bias in the ribosome number 
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determination towards high polysome size (Picard et al.). For some experimentally confirmed 
operonic genes operon (argCJBF, citCDEFXG, optABCDF, trpEGDCFBA) of L. lactis, we 
examined more in details their polysome sizes (Figure 5). We found generally grouped 
mRNA proportions for all the genes of the same operon at a given polysome size confirming 
the transcriptional link of operonic genes. However, had the operonic structure an effect on 
the mRNA proportion under different polysome sizes? Using an ANOVA test, we checked if 
the mRNA proportions of the group of operonic genes at a given polysome size was or not 
significantly different than the proportion of the rest of the genes (Figure 5). Depending on 
the operon of interest, a bias on the mRNA proportions of operonic genes was present for one 
polysome size (i.e. operon argGH, with only one p-value at polysome size -1 lower than 0.05) 
to all polysome sizes (i.e. operon optABCDF with all seven p-values lower than 0.05). 
Therefore, operonic structure seemed to be associated (at variable degree) with biased mRNA 
repartition between polysome sizes. The conclusion that genes part of the same operon could 
have to some extend similar biased mRNA proportions at different polysome sizes could be 
used in theory to identify putative operonic structure. 
 
Protein synthesis rate 
Protein synthesis rate was modeled using the experimental translatome data obtained 
in L. lactis cells in exponential phase (Picard et al.). In the translatome data, the ribosome 
density was measured for 1177 genes. However, 129 genes within the 1177 gene set exhibited 
experimental ribosome density very close or above the maximal theoretical ribosome density 
leading to ribosome coverage ρ ≥ 1. This set of 129 genes was removed leading to a new set 
of 1048 genes. The ribosome density of the 1048 genes was used to calculate the ribosome 
coverage ρ (0 < ρ < 1). At steady state, for a given ρ, a set of pairs of initiation and 
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termination rate constants corresponding to the maximal specific protein rate was determined 
for each ribosomal fractional coverage. The specific protein synthesis rate was defined as the 
number of protein molecules synthesized per second and per mRNA copy of the gene which 
results from the translating activity of all loaded ribosomes. It was related to the capability of 
a mRNA molecule to be translated. For 1048 L. lactis genes, their specific protein synthesis 
rate was plotted as a function of the experimental ribosome coverage (Figure 6). The specific 
protein synthesis rate increased with the ribosome coverage, reached a maximal and then 
decreased. A maximal rate of 1.3 s
-1
 (i.e. 1.3 molecule of protein synthesized per second and 
per mRNA copies) was reached for ribosome coverages between 0.7 and 0.8. Using in silico 
estimated ρ for E. coli, Zouridis et al.observed a similar relationships between the translation 
rate and the ribosome density in the specific case of the E. coli trp gene (Zouridis & 
Hatzimanikatis, 2007). In this case, Zouridis et al. reported a maximal Trp protein synthesis 
rate of 44 amino acids per second (Zouridis & Hatzimanikatis, 2007). Since this trp mRNA 
was 100 codon long, the maximal rate of Trp protein was 2.2 
s-1
, in the same range than the 
maximal protein rate observed in L. lactis. 
 
Characterization of translation control 
Translation process is composed of three steps namely initiation, elongation and 
termination. To determine in a quantitative manner the rate-limiting step(s) of translation for 
each mRNA species, we estimated the sensitivities of protein synthesis rates to their 
respective rate constants by computing the control coefficients of initiationCkI
v , elongation 
CkE
v
 and terminationCkT
v
. The control coefficients were calculated for the 1048 genes with 
modeled specific protein synthesis rate. The control coefficient values varied with the 
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ribosome coverage (Figure 7A). We observed that the initiation control coefficients were 
maximal for low ribosome coverage (< 0.37 equivalent to a ribosome density of 1.24 
ribosomes / 100 nucleotides) while as the ρ increased, the elongation control coefficients 
reached a maximum, and then decreased. The termination control coefficients were maximal 
at high ribosome coverage. Initiation limitation (CkI
v > 0.6) was systematically associated with 
lowest specific protein synthesis rates and was the control the most frequently observed (529 
genes corresponding to more than 50 % of the genes) (Figure 7B). Therefore, half of genes 
were limited by ribosome binding on mRNA and/or the codons near the 5’ end of the mRNA 
(Zouridis & Hatzimanikatis, 2007). Previously, we have observed an optimal protein 
synthesis rate (1.3 s
-1
) at ribosome coverage between 0.7 and 0.8. At these rate and ribosome 
coverages, translation rate was thus elongation-limited (CkE
v > 0.6) and this control concerned 
250 genes (23 % of genes) (Figures 7). Elongation limitation could be linked to codon usage 
and/or tRNA availability. A previous modeling of translation efficiency in L. lactis from 
proteomic and transcriptomic data has shown that indeed the codon adaptative index 
correlated positively with estimated translation efficiencies (Dressaire et al., 2009). Moreover, 
Figure 7 showed that translation kinetics of 232 genes were mixed initiation- and elongation-
limited (0.4 <CkI
v < 0.6). Interestingly, this result reinforces our characterization of 
translatome determinants where both initiation and elongation related parameters were found 
acting on translation efficiency (Picard et al.). Finally, few gene translations (37 genes) were 
under termination (CkT
v
 > 0.6) or under mixed elongation and termination control (0.4 <CkE
v
< 
0.6). Therefore, for most of the genes, the maximal ribosome coverage was not reached 
indicating that the role of codons near the stop codon in protein synthesis rate control was not 
major (Zouridis & Hatzimanikatis, 2007). Using translation modeling in yeast, Siwak et al. 
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also showed that initiation is not limiting translation at high ribosome coverage. They 
proposed that elevated ribosome coverages are related to short initiation caused primarily by 
mRNA intrinsic capability (length of the 5’UTR, type, number and environment of the 
initiation codon, secondary structure, mRNA stability…) to be translated (Siwiak & 
Zielenkiewicz, 2010). Our finding that depending on ribosome coverage, translation in L. 
lactis can be controlled not only by the initiation kinetics but also by elongation and/or 
termination, corroborates previous modeling of translation in Prokaryotes (Zouridis & 
Hatzimanikatis, 2007). 
 
Translation and protein function 
To set back translation process in L. lactis physiology, we looked for relationship of 
translation rate and control with gene function. Regarding translation rate, we used (relative) 
absolute protein synthesis rate which gives information on the overall cell-performance in 
synthesizing a protein, taking in account all ribosome-loaded mRNA copies of a gene. 
Absolute protein synthesis rate was calculated for 1048 genes using the specific protein 
synthesis rate, the relative mRNA concentration and the fraction of mRNA molecules 
engaged in translation. Then, we compared the median absolute protein synthesis rate 
between L. lactis functional (sub)categories (Figure 8).  
Genes involved in the metabolism of bases (purines, pyrimidines, nucleosides and 
nucleotides) had significant higher protein synthesis rate (Figure 8A). A similar tendency was 
observed for genes of cell envelope metabolism. No specific subcategory translation rate 
regulation could be considered within these two categories (Figure 8B). The high protein 
synthesis rates could be related to translational control at the elongation step for genes 
involved in base metabolism and at both the initiation and elongation steps for genes involved 
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in cell envelop metabolism (Table 1). On the contrary, the translation rate of genes related to 
replication and to the category “other” was low (Figure 8A). Concerning the category “other”, 
we can note that the subcategory of 90 genes related to phage and prophage had also a low 
median translation rate (Figure 8B). The low translation rate of genes involved in replication 
could be due to initiation limitation since they were over-represented in the set of initiation-
limited genes (Table 1). In our study, L. lactis was grown under optimum growth conditions. 
This physiological status could lead to increased demand for nucleotides and nucleosides 
(needed for DNA synthesis and transcription, respectively) while functions usually induced in 
stressful condition (like those related to phages, (Raynaud et al., 2005; Redon et al., 2005b)) 
were needless. 
In a previous work, we have established that some functional categories were related 
to specific ribosome density levels (Picard et al.). We showed previously that genes related to 
amino acid and cofactor metabolisms had less ribosomes while genes of the functional 
category “regulatory functions” exhibited high ribosome density. Translation regulation at a 
level of a functional category can now be explained by the type of translational control 
involved (Table 1). Involvement of translation initiation limitation of genes involved in 
biosyntheses of amino acids and cofactors could now explain the low ribosome density in 
these categories. Indeed, limited initiation leads to few ribosome association events and so to 
less ribosome loaded on mRNA. Consistently, elongation-limited translation seems in contrast 
to lead to significant higher ribosome density of genes related to regulatory functions. 
More authors (Nie et al., 2006; Zouridis & Hatzimanikatis, 2007; Tuller et al., 2010a; 
Tuller et al., 2010b; Gingold & Pilpel, 2011) abandon the idea of a single rate-limited step of 
translation, mainly via the initiation process, to move on to a fine tuning of translation via 
mixed initiation and elongation control. Our results highlighted that indeed several 
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combinations of translation controls were present in L. lactis cells in exponential growth. A 
close relationship between kinetic control and protein function seems to ensure protein 
synthesis adjustment to cellular needs. 
 
Model sensitivity 
In our first calculation of translation rates and control coefficients, we removed from the 
initial set of 1177 genes, 129 genes with a ribosome coverage  ≥ 1. Surprisingly, all of these 
129 genes had a short coding sequence length, inferior to 450 bp. So we suspected a 
systematic over-estimation of the ribosome density for short genes. To remove such a putative 
bias, 233 genes with a coding sequence lower than 450 pb were removed from the initial 
dataset leading to a new working data set of 944 genes. Using this set, protein synthesis rates 
and control coefficients were modeled and the results are presented in Figure 9. 
After removing all short genes, we obtained a similar profile (shape, maximal value) 
for the specific protein synthesis rates as a function of the ribosome coverage than previously 
(Figures 6 and 9A). The main difference was the disappearance of very high ribosome 
densities, the maximum of ribosome coverage decreasing from 0.99 to 0.92. The consequence 
was the absence in the new data set, of gene with CkT
v
 > 0.6 and thus only termination-limited 
(Figure 9B and 9C). In addition, we observed that most of the removed short genes (85 %) 
were under initiation control with a low specific protein synthesis rate. Therefore, taking in 
account or not the potential bias related to short length genes did not change the main results 
of the translation modeling: half of the genes are mainly initiation-limited and for the second 
half elongation-limitation is involved (concomitantly or not with an initiation control). 
It would be interesting to go further in the sensitivity analysis of these modeling results. For 
instance, the noise in the experimental measure of ribosome density could be estimated. This 
Chapitre III- La modélisation de la traduction et de son contrôle 
 
196 
 
noise could be related to experimental error on ribosome number determination on each 
mRNA. We can imagine that small mRNAs could be dragged down the sucrose gradient, and 
so contaminated all fractions. But the noise could also be linked to mRNA length estimation 
(up to now the gene coding sequence was used as an estimated of the mRNA length). 
Moreover, protein synthesis rates were modeled using ribosome density value defined as the 
ribosome number the most frequently observed on all mRNA molecules of a given gene (peak 
fraction determination) (Picard et al.). Another way to test the robustness of our results would 
be to take in account the entire distribution of ribosome numbers on all mRNA molecules of a 
given gene and use an averaged protein synthesis rate.  
 
CONCLUSION 
In this work, we have modeled at the genome-wide scale the protein synthesis rates in 
L. lactis cells in exponential phase using experimentally determined ribosome densities. 
Removing a potential bias related to short length genes did not affect the main conclusions of 
the translation modeling. Ribosome coverage was a key factor of translation rate per mRNA 
copies and its control. Our results support the current point of view of mixed control of 
translation in bacteria, involving in the particular case of L. lactis, initiation and elongation 
but also for few genes termination kinetics. The finding that translation rate level and its 
control type could be linked to gene function suggests that L. lactis physiology could depend 
on translation regulation. It could be interesting to now investigate how translation control 
could be involved in L. lactis adaptation to stressful growth condition. 
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Table 1. Translation control coefficient by functional category. For each type of translational 
control, enrichment test of genes in the functional category of interest were performed.  
AMI: amino acids biosynthesis, CELL: cellular process, COF: biosynthesis of cofactors, 
ENV: cell envelope, FAT: fatty acids and phospholipids metabolism, INT: central 
intermediary metabolism, NRJ: energy metabolism, OTHER: other categories, PUR: purines, 
pyrimidines, nucleosides and nucleotides metabolism, REG: regulatory functions, REP: 
replication, TRAD: translation, TRS: transcription, TSP: transport and binding proteins, 
UNK: unknown function. 
 
Main control  Functional category: 
Initiation AMI (p = 2.3 x 10
-2
) 
 CELL (p = 7.4 x 10
-6
) 
 INT (p = 1.1 x 10
-2
) 
 NRJ (p = 2.5 x 10
-2
) 
 REP (p = 1.9 x 10
-4
) 
 TRD (p = 1.8 x 10
-3
) 
Elongation PUR (p = 4.7 x 10
-2
) 
 REG (p = 2.0 x 10
-2
) 
Initiation and elongation COF (p = 9.3 x 10
-4
) 
 ENV (p = 4.8 x 10
-2
) 
 TSP (p = 4.1 x 10
-3
) 
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LEGENDS 
 
Figure 1: Scheme of translation process. Rf is the number of free ribosomes, kI kE kT are 
constant rates of translation steps, L is the number of codons covered by one ribosome and n
k
 
is the number of codons of the gene coding sequence. 
 
Figure 2: mRNA proportions as a function of polysome size for randomly chosen genes 
(among a set of 1619 genes). 
 
Figure 3: Distribution of percentages of mRNA copies with a given size according to the 
proportion of non full length. Each color represents a gene length ranging from 97 to 311 
codons. 
 
Figure 4: Relationships between polysome size and mRNA stability. Means  standard 
deviation of mRNA proportions were plot according to polysome size, mRNAs being grouped 
(206 mRNAs per group) according to their half-life value (one color by group). HL: half-life. 
 
Figure 5: Polysome sizes of operonic genes. For each operon, one color was associated to one 
gene part of this operon (gene was absent when its experimental polysome size was missing). 
For each operonic gene, its mRNA proportions (obtained in three experimental repetitions 
symbolized by +, x and ◊) were plot according to polysome size. The number above each 
polysome size was the p-value of the ANOVA test to check at a given polysome size if the 
mRNA proportion of the group of operonic gene is significantly different than the mRNA 
proportion of the rest of the genes.  
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Figure 6: Relationships between specific protein synthesis rate and ribosome coverage.  
 
Figure 7: Translation control determination. A. Control coefficients of each translation step 
according to ribosome coverage. Initiation control coefficientCkI
v , elongation control 
coefficient CkE
v  and termination control coefficientCkT
v . Windows range of mixed control was 
determined for values of control coefficientsCkI
v  and CkE
v comprised between 0.4 and 0.6. B. 
Translation limitation as a function of specific protein synthesis rate.  
 
Figure 8: Absolute protein synthesis rate by functional categories (A) and subcategories (B). 
The number of genes in each functional (sub)category is between brackets. Medians were 
symbolized by circle with a point in the middle. Interval endpoints were defined as the 
extremes of the centers of the triangular markers. Two medians were significantly different at 
the 5 % significance level if their intervals do not overlap.  
AMI: amino acid biosynthesis, CELL: cellular process, COF: biosynthesis of cofactors, ENV: 
cell envelope, FAT: fatty acid and phospholipid metabolism, INT: central intermediary 
metabolism, NRJ: energy metabolism, OTHER: other categories, PUR: purine, pyrimidine, 
nucleoside and nucleotide metabolism, REG: regulatory functions, REP: replication, TRD: 
translation, TRS: transcription, TSP: transport and binding proteins, UNK: unknown function. 
ENVmem: membranes, lipoproteins and porins, ENVpar: murein sacculus and peptidoglycan, 
ENVsur: surface polysaccharides and antigens, PURdox: 2'-deoxyribonucleotide metabolism, 
PURint: nucleotide and nucleoside interconversion, PURpur: purine ribonucleotide 
biosynthesis, PURpyr: pyrimidine ribonucleotide biosynthesis, PURsal: salvage of 
nucleosides and nucleotides, PURsug: sugar-nucleotide biosynthesis and interconversions, 
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OTHada: adaptations and atypical conditions, OTHdru: drug and analog sensitivity, OTHoth: 
other, OTHpha: phage related functions and prophages, OTHtra: transposon related functions, 
REPdeg: degradation of DNA, REPsyn.: DNA replication, restriction, modification, 
recombination and repair. 
 
Figure 9: Effect of short gene removal. Protein synthesis rate and translation control were 
determined for 944 genes with a coding sequence length superior to 450 pb. A. Specific 
protein synthesis rate as a function of the ribosome coverage. B. Control coefficients of each 
translation step according to ribosome coverage. InitiationCkI
v , elongation CkE
v  and 
termination CkT
v control coefficients. Windows range of mixed control was determined for 
values of control coefficientsCkI
v  and CkE
v comprised between 0.4 and 0.6. C. Translation 
limitation and specific protein synthesis rate.  
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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De façon générique, lorsque la cellule active l’expression d’un gène, 
l’information supportée par l’ADN est transférée sur l’ARNm puis exprimée à travers la 
fonction de la protéine résultante. La mesure de l’expression génique est définie comme la 
quantification des produits d’expression de l’ADN. Se pose alors la question du choix de 
l’élément qui représenterait le mieux les régulations de ces produits d’expression. Le produit 
direct mais intermédiaire du transfert de l’information du gène, l’ARNm, est souvent mesuré 
pour rendre compte de la modulation de l’expression d’un gène. Cependant, de nombreux  
travaux (Nie et al., 2006; Lu et al., 2007; Dressaire et al., 2010) ont mis en évidence chez les 
bactéries un faible lien entre les niveaux d’ARNm mesurés et les niveaux de protéines 
correspondants. La mesure des niveaux de protéines qui sont les produits finaux de 
l’expression génique apparait être un reflet plus précis, rendant compte des modifications 
post-transcriptionnelles et post-traductionnelles. Il est maintenant nécessaire de caractériser 
les régulations mises en jeu lors du passage de l’information de l’ARNm vers la protéine. 
Cette étape, la traduction, a été au centre de mes travaux de thèse qui ont porté sur la 
caractérisation de la traduction et de ses mécanismes de régulation. Une meilleure 
connaissance de la traduction va in fine décloisonner l’étude des différentes étapes de la 
régulation de l’expression génique, en apportant la strate de régulation omise jusqu’à présent. 
De fait, l’ensemble des différents niveaux de régulations pourra être intégré dans une 
approche continue depuis le gène jusqu’à la protéine. 
 
L’étape de traduction est–elle soumise à des régulations ? 
Pour démontrer la présence des régulations de la traduction (ou à défaut, leur absence), 
l’état traductionnel de chaque ARNm (le traductome) a été mesuré chez L. lactis cultivé dans 
deux conditions de culture (normale ou en stress) et la vitesse de synthèse protéique a été 
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modélisée à l’aide de ces données expérimentales. En accord avec de précédents travaux 
portant sur la levure (Arava et al., 2003; Lackner et al., 2007), deux paramètres 
caractéristiques de la traduction ont été choisis pour estimer le niveau traductionnel de chaque 
ARNm : le pourcentage de molécules d’ARNm en cours de traduction (pourcentage 
d’occupation par les ribosomes) et la densité en ribosomes de chaque transcrit. Ces deux 
paramètres complémentaires sont le reflet respectif de l’efficacité de fixation du ribosome sur 
l’ARNm et de l’efficacité de traduction (plus le nombre de ribosomes sera élevé plus le 
nombre de protéines par transcrit devrait être important).  
Dans le cadre de l’étude de la traduction chez L. lactis en présence d’une limitation en 
isoleucine, le taux de croissance était fortement diminué. Nous avons mesuré une diminution 
du niveau des ARNr et une diminution importante de la taille des polysomes, démontrant une 
réduction du nombre total de ribosomesà faible taux de croissance. Cette régulation globale de 
la traduction était impliquée dans la réduction de l’expression de fonctions physiologiques 
(transcription, traduction et synthèse des acides gras) liées à la croissance du microorganisme. 
Ces résultats montrent très clairement une régulation de la traduction en fonction des 
conditions environnementales. Ces résultats sont en accord avec les résultats de Bremer et 
Dennis qui montrent que le nombre de ribosomes est directement relié au taux de croissance 
pour ajuster le niveau d’activité de la machinerie de traduction aux besoins cellulaires 
(Bremer & Dennis, 2008). Par ailleurs, nous avons estimé les conséquences des variations du 
nombre de ribosomes chargés sur un transcrit sur la vitesse de synthèse de la protéine par 
modélisation cinétique. Chez L. lactis nous avons pu démontrer que le nombre de ribosomes 
chargés va influencer nettement la vitesse de synthèse protéique d’un transcrit. De façon 
surprenante, une valeur maximale de synthèse protéique est obtenue pour un recouvrement en 
ribosomes de l’ordre de 70% à 80% de la longueur de l’ARNm. Au-delà, la vitesse de 
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synthèse protéique décroît. Il apparaît donc que le nombre de ribosomes doit être ajusté 
finement pour tendre vers une synthèse protéique optimale, avec une densité ribosomale qui 
doit être élevée mais inférieure à la maximale. Seulement 7% des gènes dont la densité en 
ribosomes a été mesurée présentent un recouvrement en ribosomes assurant une synthèse en 
protéine proche du maximum. Ce constat indique que tous les ARNm de la cellule ne sont pas 
traduits à leur vitesse maximale. L’estimation par modélisation cinétique de la vitesse de 
synthèse protéique a mis en évidence une grande variabilité suivant les ARNm, un facteur de 
variation de 133 ayant été mesuré.  
De plus, nous avons montré en comparant l’état de traduction de l’ensemble des 
ARNm de la cellule pour une condition de croissance donnée, que les deux variables 
traductionnelles variaient significativement d’un gène à l’autre, soulignant là aussi la présence 
de régulations au niveau de la traduction. En phase exponentielle de croissance, la densité en 
ribosomes et l’occupation par les ribosomes varient en effet respectivement de 0,02 à 3,33 
ribosomes/100 nucléotides et de 41% à 85% d’ARNm en traduction. Cette grande diversité de 
valeurs entre gènes est aussi retrouvée en condition de stress. De façon intéressante, un lien a 
été établi entre l’état traductionnel d’un ARNm et son niveau de synthèse protéique, avec la 
catégorie fonctionnelle à laquelle il est associé. Des ARNm codant pour des fonctions 
régulatrices au niveau de la transcription apparaissent préférentiellement mieux traduits, avec 
des valeurs élevées de densité en ribosomes et de pourcentage d’occupation par les ribosomes 
en condition optimale de croissance. De même, certaines fonctions telles que la synthèse 
d’acides aminés ou celles liées à l’expression des phages sont favorisées au niveau 
traductionnel lors d’une carence en isoleucine par rapport à une condition normale de culture. 
Ces résultats soulignent l’importance du rôle de la traduction dans le remodelage de 
l’expression génique suite à un stress et plus largement dans la physiologie de la cellule. 
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Par ailleurs, tous les ARNm n’ont pas le même type de contrôle de leur vitesse de 
traduction. En effet, la traduction est composée de trois étapes, l’initiation, l’élongation et la 
terminaison. Jusqu’à récemment, il était supposé que la cinétique de l’étape d’initiation 
contrôlait dans tous les cas le processus de synthèse protéique. Les résultats obtenus par 
l’étude des coefficients de contrôle chez L. lactis apportent des conclusions plus nuancées. La 
moitié des ARNm a une traduction soumise à un contrôle par l’initiation. Leur vitesse de 
synthèse protéique est alors directement dépendante de la fréquence de rencontre entre 
l’ARNm et le ribosome et de la nature de l’environnement du codon start de la séquence 
codante du transcrit. Néanmoins près de 25% des gènes présentent une régulation de la 
traduction de leur ARNm par l’élongation, la vitesse de synthèse protéique étant alors 
fonction de la composition en bases de l’ARNm et de la nature des acides aminés composant 
la protéine résultante (en lien avec le biais de codon et la disponibilité en ARN de transfert). 
Seuls 3% des gènes ont une traduction limitée par la terminaison, où dans ce cas-là, la 
fréquence de libération du ribosome après le codon stop n’est pas suffisamment rapide pour 
éviter une accumulation des ribosomes en fin de séquence codante. Un autre contrôle, plus 
complexe mais non négligeable car il concerne plus de 20% des gènes est observé. Il s’agit 
d’un contrôle mixte exercé par l’initiation et l’élongation. Les caractéristiques de l’ARNm 
aussi bien au niveau de l’environnement du codon start que de sa séquence codante sont alors 
importantes. Pour ces transcrits, la vitesse de synthèse protéique ne pourra être augmentée et 
tendre vers la vitesse maximale théorique que si les cinétiques des deux étapes sont 
simultanément augmentées. A noter que nous avons obtenu des répartitions de contrôle 
similaires en prenant en compte ou non un biais potentiel dans la mesure des densités en 
ribosomes pour les gènes les plus courts. Ceci indique une certaine robustesse de notre 
approche de modélisation de la vitesse de synthèse protéique.  
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Quelles propriétés intrinsèques à l’ARNm influent sur la traduction? 
L’ensemble des résultats a mis en évidence la présence de régulations au niveau de la 
traduction en lien avec la physiologie de la cellule et plus particulièrement le caractère 
transcrit-spécifique de ces régulations. Nous avons par conséquent recherché la nature des 
propriétés intrinsèques à l’ARNm influençant la traduction. 
Au sein des gènes d’une même catégorie fonctionnelle, l’état de traduction des ARNm 
est souvent variable. La fonction des gènes et donc la physiologie de la cellule ne suffisent pas 
à expliquer totalement le niveau traductionnel des ARNm. Nous avons recherché par une 
modélisation statistique si les propriétés de l’ARNm pouvaient expliquer les valeurs 
d’occupation des ARNm par les ribosomes et celles de la densité en ribosomes. Le degré de 
structuration de l’ARNm a été étudié à proximité du codon start (où se fixe le ribosome) et du 
codon stop (où le ribosome se décroche). Nous avons montré chez L. lactis que l’absence de 
structure secondaire dans ces régions était plutôt favorable à la traduction, que ce soit en 
termes d’occupation des ARNm par les ribosomes que de leur densité. Le ribosome pour se 
fixer doit avoir accès à une région spécifique proche du codon start, le RBS. Si une structure 
secondaire stable est présente dans cette région, le RBS pourrait être séquestré et le ribosome 
ne pourrait alors plus se fixer, ce qui va diminuer les évènements d’initiation. Un tel 
mécanisme aurait pour conséquence une diminution du nombre de molécules d’ARNm en 
traduction et donc du taux d’occupation des ARNm par les ribosomes. Si cette structure 
secondaire se situait plus en aval au début de la séquence codante, alors elle pourrait freiner la 
progression des ribosomes et induire une augmentation de la densité en ribosomes sur le 
transcrit. Nous avons aussi relié un niveau plus faible des deux paramètres de traduction à la 
présence de structure secondaire en fin de séquence codante. Néanmoins, l’interprétation de 
cette relation est moins évidente. En effet, la présence d’une telle structure serait supposée 
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ralentir la terminaison. Par conséquent il serait attendu une augmentation de la densité en 
ribosomes de ces ARNm structurés à l’extrémité 3’, et non à une baisse comme indiquée. 
Comment une structure dans l’environnement stop pourrait-elle influencer favorablement le 
pourcentage en ARNm traduits? Chez les Eucaryotes, il a été avancé que les ARNm 
adoptaient une forme compacte et circulaire afin de rapprocher les deux extrémités, 5’ et 3’, 
de l’ARNm. Il en résulterait une augmentation de l’efficacité de réinitiation en favorisant le 
rechargement des ribosomes en début de séquence codante (Arava, 2009). Il serait intéressant 
de rechercher si un tel phénomène ne serait pas aussi transposable aux Procaryotes. En effet, 
la comparaison des traductomes obtenus chez L. lactis et chez S. cerevisiae a mis en évidence 
certaines similitudes bien que le processus de la traduction soit décrit comme très différent 
entre les deux micro-organismes.  
Par ailleurs, nous avons mis en évidence que la composition de la séquence codante a 
aussi une influence sur l’état de traduction des ARNm mais de façon plus contrastée. Une 
optimisation de l’usage de codon élèverait la proportion d’ARNm en traduction mais au 
contraire et de manière plus inattendue diminuerait la densité en ribosomes. Il faut toutefois 
noter ici que nos densités en ribosomes comme le codon adaptation index (CAI) utilisés dans 
ces recherches de corrélation sont des moyennes sur la longueur de la séquence codante. 
Ainsi, pour confirmer ou non cette relation inverse entre biais de codon et densité en 
ribosomes, il serait souhaitable d’affiner ces paramètres en déterminant des densités locales le 
long de la séquence codante (voir les perspectives) et des CAI locaux correspondants.  
L’effet de la structure secondaire est à relier à l’étape d’initiation alors que celui du 
biais de codon est lié à l’étape d’élongation. Le fait d’avoir détecté ces deux paramètres 
comme influençant significativement le statut traductionnel des ARNm est cohérent avec 
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l’analyse du contrôle de la traduction chez L. lactis (importance des étapes d’initiation et/ou 
d’élongation pour la majorité des gènes).  
La longueur de la séquence codante a été un des paramètres les plus significativement 
corrélés avec la densité en ribosomes, quelque soit le nombre de ribosomes fixés. Les ARNm 
les plus courts ont été déterminés comme les plus denses, ce qui reste en accord avec les 
résultats de traductome obtenus pour la levure (Arava et al., 2003; Lackner et al., 2007). De 
plus, nous avons montré chez L. lactis qu’inversement, les ARNm les plus courts étaient les 
moins engagés dans la traduction. Ce dernier résultat est à mettre en parallèle avec les ARNm 
longs (par exemple, de type opéronique) fréquemment rencontrés chez les bactéries : leur 
traduction ne serait alors pas fortement défavorisée de part leur plus fort taux d’engagement 
dans la traduction. Le facteur longueur de l’ARNm semble ainsi primordial au niveau des 
régulations de la traduction. 
 
Quel est le rôle des régulations de la traduction dans l’expression génique? 
La traduction a ensuite été replacée dans le processus plus large de l’expression d’un 
gène. Nous avons cherché à comprendre comment le niveau de traduction était lié à celui de 
l’ARNm et les répercutions que cela pouvait avoir sur les niveaux de protéines. 
La transcriptomique mesure les niveaux d’ARNm dans la cellule. A l’état d’équilibre, ceux-ci 
résultent des vitesses de synthèse via la transcription de l’ADN, et d’élimination via la 
dégradation de l’ARNm et sa dilution par la croissance. Le lien entre les niveaux d’ARNm et 
le traductome est contrasté. Plus les ARNm sont abondants dans la cellule plus leur part en 
traduction sera importante mais avec une densité en ribosomes plus faible. Une régulation 
coordonnée, nommée potentiation, a été toutefois observée entre la transcription et la 
traduction de gènes de certaines catégories fonctionnelles en réponse à une carence en acides 
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aminés (potentiation négative pour la transcription, la traduction et le métabolisme des acides 
gras). Cependant, des travaux chez la levure (Melamed et al., 2008; Warringer et al., 2010) 
mettent en évidence une régulation traductionnelle de certains ARNm décorrélée de la 
variation de leur concentration. Ainsi chez L. lactis, pour un tiers des gènes régulés au niveau 
traductionnel lors de la carence en isoleucine, les régulations traductionnelle et 
transcriptionnelle sont en désaccord. En particulier, nous avons observé pour des transcrits 
impliqués dans le métabolisme énergétique et celui des bases, des régulations 
transcriptionnelle et traductionnelle inverses, comprenant une augmentation du taux 
d’occupation par les ribosomes alors que la concentration en ARNm diminuait. Dans ces cas-
là, le rôle majeur des régulations traductionnelles en est donc renforcé. Par ailleurs, en carence 
nutritionnelle (la condition de stress étudiée), des régulations non coordonnées de la 
transcription, de la dégradation des ARNm et de leur traduction ont été observées. D’une 
manière générale, la transcription des gènes est plutôt fortement diminuée en condition de 
stress alors que les paramètres de traduction sont soit légèrement diminués ou positivement 
régulés et que la dégradation des ARNm est régulée de manière variable en fonction des 
gènes. La stabilité des ARNm a aussi été étudiée chez L. lactis en fonction du taux de 
croissance (article en annexe). Nous avons démontré que de façon analogue au traductome, la 
longueur de l’ARNm est corrélée négativement à sa stabilité. De même, les ARNm les plus 
stables sont ceux ne présentant pas de structure secondaire stable et qui possèdent un fort biais 
de codon. Les caractéristiques des ARNm agissent donc de la même façon sur les processus 
de dégradation et de traduction. A l’inverse, la coordination de ces deux réactions est 
antagoniste puisque ce sont les ARNm les moins stables qui seront les mieux traduits (plus 
grand pourcentage d’ARNm en traduction et densité en ribosomes élevée). Par modélisation, 
nous avons estimé que 95% des ARNm dans la cellule avaient une longueur complète, ce qui 
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suggère que lorsque le processus de dégradation a lieu, il est rapide et complet, de telle sorte 
que des ARNm fragmentés n’ont pas pu être mesurés dans ce cadre-là. Ainsi, les deux 
processus post-transcriptionnels, l’état de traduction de l’ARNm et sa stabilité, doivent être 
pris en compte lors de l’analyse de la régulation de l’expression génique dans l’adaptation au 
stress. 
La mise en parallèle des données de traductome avec les données du protéome a été 
difficile en raison du nombre restreint de niveaux de protéines qui avaient pu être mesurés 
précédemment. Toutefois en condition optimale de croissance, les variations de 
concentrations en protéine sont expliquées par la concentration en ARNm, le biais de codon et 
le pourcentage d’ARNm en traduction. Ce dernier paramètre peut-être interprété comme un 
facteur de correction de la concentration en ARNm puisque le produit de ces deux variables 
correspond à la quantité d’ARNm qui sera réellement traduite en protéines au sein de la 
cellule. L’estimation des niveaux de protéines dans les cellules a été améliorée grâce aux 
données de traductome mais ce modèle statistique n’est pas encore un modèle prédictif 
(R
²
<0.9).  
 
LES PERSPECTIVES 
Afin de mieux prédire le niveau de protéine, la mesure de la vitesse de dégradation des 
protéines a été initiée. Ces données pourront être comparées aux vitesses de dégradation 
précédemment estimées par modélisation chez L. lactis (Dressaire et al., 2010). La mesure de 
la stabilité des protéines donnera accès à l’influence des vitesses de synthèse (la traduction) et 
d’élimination (dégradation et dilution par la croissance) sur le niveau de protéines. Elles 
mettront ainsi en évidence qui de la traduction ou de la dégradation explique le mieux ces 
variations de concentrations en protéines. En complément, dans l’objectif d’affiner l’influence 
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de la traduction sur les niveaux de protéines, le protéome pourra être mesuré de nouveau par 
des techniques de spectrométrie de masse plus sensibles, telle que celle retenue pour la 
mesure de la stabilité des protéines (LC-MSMS). L’intégration des données de stabilité des 
protéines aux données déjà collectées dans des conditions expérimentales identiques, à savoir 
les concentration d’ARNm et de protéines, la stabilité des ARNm et l’état traductionnel 
donnera une image complète des processus de régulation de l’expression génique, du gène à la 
protéine. 
Nous avons démontré le lien très fort entre la longueur des ARNm et leur état 
traductionnel. Lors de la mesure du traductome dans les deux conditions de culture (normale 
et en stress), certains gènes, pour lesquels le nombre de ribosomes fixés sur les ARNm avait 
été déterminé, ont été éliminés en raison d’une densité en ribosomes aberrante (supérieure à la 
densité maximale théorique). La présence de ces densités aberrantes peut s’expliquer par la 
localisation de ribosomes en dehors des séquences codantes et notamment dans les UTR. En 
effet, la densité en ribosomes est calculée à partir de la longueur de la séquence codante qui 
est inférieure à la longueur totale de l’ARNm. Afin d’affiner nos résultats, il faudra dans le 
futur déterminer cette longueur totale précisément. Des techniques récentes de séquençage à 
haut débit des ARN permettant de déterminer les longueurs de l’ensemble des ARNm 
présents dans la cellule pourront être utilisées (Costa et al., 2010; Nagalakshmi et al., 2010). 
Avec ces nouvelles données, les densités en ribosomes pourront être ajustées en prenant en 
compte les régions non traduites, de part et d’autre de la séquence codante. Enfin, il serait tout 
particulièrement intéressant de localiser les ribosomes sur le long de l’ARNm et de déterminer 
des densités locales en ribosomes. Une méthode qui couple les techniques de séquençage à 
celles des empreintes moléculaires le permet aujourd’hui. Déjà appliquée à la levure (Ingolia, 
2010), elle a mis en évidence que la densité en ribosomes élevée mesurée sur les courts 
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ARNm était due à une accumulation générale des ribosomes en début de séquence (Ingolia et 
al., 2009), observation qui fait écho à la rampe d’efficacité de traduction proposée par Tuller 
et al (Tuller et al., 2010a). La mesure de la densité locale en ribosomes chez L. lactis 
donnerait accès au positionnement des ribosomes le long de la séquence codante, ce qui 
présente un intérêt tout particulier dans le cas de la traduction des structures opéroniques. En 
effet, pour une taille donnée de polysome, un biais a parfois été détecté entre les ARNm issus 
d’un opéron et l’ensemble des ARNm, ce qui tend à montrer des particularités au niveau de la 
traduction des ARNm opéroniques. L’accès à la densité locale renseignerait sur la localisation 
des ribosomes le long des ARNm issus de structures opéroniques et donc sur une possible 
variation de l’efficacité de traduction entre les différentes séquences codantes portées par le 
même ARNm. 
Nous avons mis en évidence d’une part que les deux étapes d’initiation et d’élongation 
pouvaient limiter le processus de traduction et d’autre part que les deux paramètres associés 
(structure secondaire et biais de codon) étaient déterminants dans le processus de traduction. 
Comment déterminer plus précisément l’impact relatif de ces deux paramètres sur l’efficacité 
de traduction? La vitesse de synthèse protéique est plus élevée lors du contrôle de la 
traduction par l’élongation que par l’initiation. Le contrôle par l’initiation aurait donc un 
impact négatif sur l’efficacité de traduction par rapport au contrôle par l’élongation. Qu’en 
est-il dans le cas d’un contrôle mixte par l’initiation et l’élongation? Deux études 
bioinformatiques récentes (Tuller et al., 2010b; Kahali et al., 2011) ont conclu que l’effet du 
biais de codon sur l’efficacité de traduction serait modulé par l’énergie de repliement de 
l’ARNm, que ce soit sur l’ensemble de la séquence codante (Tuller et al., 2010b) que 
localement sur deux codons successifs (Kahali et al., 2011). L’énergie de repliement 
influencerait alors l’initiation et l’élongation. Il serait donc intéressant d’approfondir l’effet de 
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ces deux facteurs aussi bien séparément qu’en combinaison sur la vitesse de progression du 
ribosome le long de la séquence codante. Les travaux du groupe de I. Tinoco proposent une 
approche d’étude originale à l’échelle de la cellule unique, à l’aide d’une pince optique (Wen 
et al., 2008; Qu et al., 2011). Leur travaux ont porté sur les mouvements d’un ribosome en 
présence d’une structure secondaire. Ils ont étudié les mécanismes d’action utilisés par le 
ribosome pour déstabiliser la structure (déstabilisations thermique et mécanique) et 
l’influence de la structure sur le temps de traduction. Une pince optique sera bientôt 
fonctionnelle au sein de notre équipe. Ainsi, son utilisation pourrait être envisagée à plus long 
terme, pour approfondir chez L. lactis les effets du biais de codon et des énergies de 
repliement sur la vitesse de progression du ribosome.  
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Abstract 
Growth rate regulation was previously demonstrated to have a wide impact on gene 
expression both at the mRNA level as well as on translation and protein degradation 
processes. A genome-wide transcriptomic-based method was implemented to determine L. 
lactis mRNA half-lives at three different growth rates. The biological analysis of the results 
showed that transcript decay is another important regulatory mechanism influenced by growth 
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rate. The relative influence of various mRNA sequence features was also assessed through a 
covariance modeling approach. Growth rate was from far the most influent parameters. 
However, mRNA concentration, length, codon adaptative index and secondary structure were 
also found to contribute to mRNA half-life. The impact of degradation on mRNA 
concentration was estimated thanks to the control coefficient theory formerly developed to 
evaluate metabolism control. mRNA degradation was found to be unexpectedly low in 
response to growth rate variation. However, when L. lactis has to face stress conditions such 
as starvation, the degradation process influence on transcript level becomes more significant. 
 
Introduction 
Living microorganisms continuously face unsettled growth conditions as their physico-
chemical environment and their nutritional resources often vary. They have consequently 
developed efficient adaptation mechanisms that sustain survival and growth, even in adverse 
conditions. In response to environmental stimuli or stress, complex regulatory networks 
aiming to adjust physiological and metabolic status of the cell are settled up. To reach an 
adequate cellular functional state, i.e. to adapt metabolic fluxes, multiple levels of regulation 
are involved since both mRNA concentrations, protein concentrations and/or protein activities 
might be modulated. This study focuses on the regulation of the mRNA pool in the cell, 
which is the first level of control of gene expression. In the last decade, the development of 
efficient post-genomic tools has enabled to quantify mRNA at genomic scale for a wide range 
of microorganisms and is still commonplace to directly access to gene expression modulations 
in response to various stresses [1-3]. 
As a general rule in such transcriptomic analyses, mRNA level variations are attributed to 
transcriptional regulation. This assumption could however be misleading [4, 5]. Indeed, as 
illustrated in figure 1, mRNA cellular concentration results of the balance between synthesis 
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and elimination of the transcript. Therefore, three processes, namely transcription, mRNA 
degradation and dilution due to growth, can influence mRNA concentration. mRNA 
degradation is widely studied but mostly on the mechanistic side [6-9] and relatively few 
studies of genome-wide mRNA stability are available in the literature [10]. For the model 
yeast Saccharomyces cerevisiae, mRNA half-lives were found to be heterogeneous among 
genes, ranging from 3 to about 100 min with a mean of 23 min [11]. Smaller mean values, 
lower than 10 min were reported for model bacteria such as Escherichia coli [12, 13] and 
Bacillus subtilis [14].  
The role of mRNA decay in the regulation of gene expression was formerly demonstrated at 
the level of individual genes (see [15] for review). It was also evidenced at the genomic scale. 
A global stabilization of Lactococcus lactis transcripts was indeed observed in response to 
carbon starvation [16], with mean half-lives of 5.8 min during exponential phase compared to 
19.4 min during starvation phase. Similarly, mRNA degradation in S. cerevisiae was shown to 
be modulated in a stress-dependent manner during stress response [17]. The authors moreover 
hypothesized that mRNA degradation tends to counterbalance transcription process. 
Altogether those studies strongly argue for the involvement of mRNA degradation process in 
micro-organisms adaptation towards their environments.  
Since growth rate reduction is a hallmark of stress response and has been proved to affect 
gene expression in yeast [18, 19] as well as in L. lactis [20, 21], it is reasonable to 
hypothesized that growth rate would also impact mRNA stability. A genome-wide 
transcriptomic-based method was implemented to address this assumption. Chemostat 
cultivations were performed to specifically monitor growth rate and L. lactis mRNA half-lives 
were determined at three different growth rate. The impact of mRNA degradation on the 
regulation of transcript concentration in response to growth modification or stress was also 
evaluated.  
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Results and discussion 
mRNA stability is influenced by growth rate 
We formerly demonstrated that growth rate alone can influence various cellular processes 
including transcription [20], translation and protein degradation [21]. In a sense, it raises the 
question of growth rate dependency of mRNA decay. To address this question and 
specifically study growth rate impact on mRNA degradation, the same continuous cultivation 
as previously described [20, 21] were performed and a transcriptomic-based method was 
employed to measure mRNA half-lives (cf. Material & Methods for details). Two growth 
rates (µ), namely 0.11 and 0.51 h
-1
 were analyzed thanks to chemostat cultivation. To extend 
the range of studied growth rates, an additional point at µ = 0.80 h
-1
 was added. This growth 
rate could not be reached in continuous culture without any wash out of the cells from the 
chemostat. It was thus obtained in batch culture, during the exponential growth phase, when 
cells are physiologically stable and can be considered to be at steady-state [22]. 
According to the measured half-lives, 356, 559 and 448 genes were declared to be extremely 
stable at 0.11, 0.51 and 0.80 h
-1
 respectively (see Material & Methods). Their stability could 
not be precisely quantified because of the short time-course range measured. It is interesting 
to notice that globally many common extremely stable genes were found: 400 were classified 
as extremely stable in at least two out of the three studied growth rates. From this observation 
one can deduce that some genes are always very stable, independently of the growth rate.  
994, 787 and 996 genes were associated with k ≤ 30 % at 0.11, 0.51 and 0.80 h
-1
 
respectively, their half-lives were thus considered for further analyses (see Material & 
Methods). Mean values of 16.9±0.4, 12.1±0.3 and 6.2±0.1 associated to median values of 
15.5, 11.4 and 5.8 were respectively calculated at 0.11, 0.51 and 0.80 h
-1
. These values are in 
agreement with those previously reported for bacteria [12-14] and yeast [11]. They 
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additionally highlight a strong link between mRNA stability and growth rate. This correlation 
is clearly illustrated by the movement of translation of histograms from lower to higher half-
lives with increasing growth rate (figure 2A). Although Bernstein et al. did not identify any 
significant differences in mean mRNA half-lives of E. coli grown in rich and poor media 
resulting in a high and a low growth rate, respectively [12], the initial study carried out on L. 
lactis mRNA stability showed longer half-lives during the carbon starvation phase than during 
the exponential phase [16]. Similarly Shalem et al. evidenced in yeast the modulation of 
mRNA stability during stress response [17]. These variations could be related either to a 
stress effect or to a growth rate effect or to both of them. 
Considering only the 486 genes for which mRNA stability was measured at the three growth 
rates, the mean values were respectively of 14.5±0.4, 11.5±0.3 and 5.4±0.2 min for 0.11, 0.51 
and 0.80 h
-1
. This gene subset displays half-life distributions similar to the whole population 
and can hence be considered as a reliable representative sample (figure 2B). A hierarchical 
classification based on the three half-life values of these 486 genes identified four main 
clusters. Mean stabilities of the genes of the different clusters, named clusters A to D are 
represented on figure 3. Again the growth rate effect is obvious since mean half-lives tend to 
decrease when the growth rate increases (except for the point at 0.51 h
-1
 of cluster D). To put 
it in numbers, 73 % of the classified genes display an increased stability at lower growth rates. 
Moreover the growth rate effect becomes stronger and stronger from A to C with an 
increasing slope (figure 3). One can also notice that genes belonging to cluster C are generally 
more stable than the global mean, independently of the growth rate. This finding supports the 
idea that in addition to the growth rate influence, mRNA half-life may also be determined by 
some specific gene features.  
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Other determinants of mRNA stability 
A covariance model was implemented in order to identify mRNA stability determinants. This 
type of model enables to take into account both quantitative and qualitative parameters and 
was successfully used to discover protein levels determinants [23]. AGGAG was previously 
identified as a stabilizing pattern in L. lactis genes [16]. The number of AGGAG motifs in 
mRNA upstream regions (from -100 to +1 bp relative to the start codon) was hence 
implemented as a qualitative variable of the model. Functional category as well as growth rate 
were similarly introduced as qualitative variables. Quantitative variables were also 
implemented: mRNA concentrations and gene-specific characteristics such as gene lengths 
and positions as well as the number of codon, the codon adaptation index (CAI, [24]), the 
tRNA adaptation index (tAI, [25, 26]) and the GC content, that could reveal a translational 
bias. An additional parameter was calculated: the folding free energy (G) of the transcript 
upstream region (from -100 to +1 bp relative to the start codon). This last quantitative 
parameter is strongly correlated to mRNA secondary structure (the lower G, the more 
strongly folded the structure) which is known to play a role in translation initiation or/hence 
in mRNA stability [27, 28]. 
The best model, with the most important parameters, was selected thanks to the Akaike 
Information Criterion (AIC) [29]. After application of this selection algorithm the resulting 
model, given in table 1, was associated with a determination coefficient of 0.63 and can thus 
be considered as descriptive. It revealed that mRNA concentration and length were the most 
influent quantitative parameters. They are both associated to negative coefficients, meaning 
that the most concentrated as well as the longest genes are less stable in accordance with 
previous results of Redon et al. [16]. CAI, which could be considered as a good estimator of 
elongation speed [28] is positively correlated to mRNA half-life demonstrating the trueness of 
the intuitive link between mRNA stability and translation. The positive correlation between 
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mRNA half-life and G is also interesting to notice. Indeed, the more negative G is, the 
more structured the mRNA is expected to be. In this sense, the most strongly structured 
messengers may logically be less prone to degradation because they are less accessible to the 
degradation machinery [30]. The previously identified AGGAG stabilizing motif [16] was 
surprisingly not selected as a significant parameter in the model. However, the model was 
build using all the available half-life data and not only the most stable genes. A similar motif 
research in the quartile containing the most stable genes of each growth rate using RSAtools 
[16] indeed again led to the identification of this ribosome binding site-like motif. Similarly 
and even more importantly the motif was also identified in the upstream region of the 
messengers that were classified as extremely stable. 
Of considerable importance, the coefficients associated to all cited quantitative parameters 
are, in absolute value, rather low (a maximum of 1 can theoretically be reached). Since they 
were selected, their importance is significant; it however remains lower than the one of 
growth rate. This latter parameter is the most important. Constructing three different models 
(one for each growth rate) without this variable would indeed dramatically decrease the 
associated R², down to 0.06 at maximum (to compare to 0.63)! Once again these results 
underline the utmost importance of growth rate on mRNA stability. The variable functional 
category was also retained in the final model highlighting a link between half-life and cellular 
function. The coefficients and significances related to the qualitative parameters indicate in 
particular that genes with growth-related functions such as energy and translation are 
generally more stable than others. On the other hand, genes with regulatory functions are 
among the less stable. This may be linked with their physiological role: they need to rapidly 
adapt their levels to environmental changes for subsequent regulation. In that sense, mRNA 
degradation is a rapid, efficient and low-cost way to control their intracellular mRNA levels.  
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mRNA stability influence on mRNA intracellular concentrations 
Changes in cellular mRNA concentrations can be achieved by modification of synthesis or 
elimination rates. Synthesis is only ensured by transcription while elimination is due to the 
degradation by ribonucleases and to the dilution of messengers when cells divide. 
Transcription but also decay and growth rates might therefore be taken into account when 
analyzing the control of mRNA pool. To evaluate the respective influence of these processes 
in gene expression regulation, we used a regulation analysis method [16], derived from 
metabolic control analysis formalism [31, 32]. Briefly, assuming that a steady state is 
established, the following equation can be written:    mRNAµmRNAkVT   (1), with VT 
the transcription rate, [mRNA] the transcript concentration, µ the growth rate and k the 
degradation constant rate inversely proportional to the mRNA half-life (
2/1
2ln
t
k  (2)). Dilution 
rate of the messengers due to cellular growth could be neglected since generation time is 
usually significantly higher than the mRNA half-lives (this assumption was true, at any 
growth rate, for more than 85 % of the measured stabilities). Assuming that VT and k are 
independent, a variation in mRNA concentration between two steady states could be 
described as a function of transcription and degradation rate changes: 
  dk
k
V
dV
k
mRNAd TT  2
1
 (3). This last equation is mathematically equivalent to this one: 
   mRNAd
kd
mRNAd
Vd T
ln
ln
ln
ln
1   (4). Two regulation coefficients were defined from equation 
(4): D, the degradation coefficient which represents the influence of decay modulations on 
mRNA pool 
 







mRNAd
kd
ln
ln
and T, the transcription coefficient which describes the 
influence of transcriptional regulations on mRNA level
 






mRNAd
Vd T
ln
ln
. The degradation 
Annexe- Influence du taux de croissance et des caractéristiques géniques sur la 
stabilité des transcrits 
 
253 
 
regulation coefficient D can be calculated as the opposite slope of the double-logarithmic 
plot of mRNA concentration versus degradation rate k in the two conditions studied. The 
transcription coefficient T can then be easily obtained from D as 1 TD   (5). 
Since the regulation coefficient D is obtained from the ratio of relative changes in 
degradation rate and mRNA concentration, it can display any value. Depending on the D 
value, five regulation patterns could be distinguished. The different regulatory strategies, 
numbered I to V, are represented on the double-logarithmic plot of mRNA concentration 
versus degradation rate k in figure 4 and described below. I - pure degradational control - If 
D equals 1, variation in mRNA concentration is directly proportional to variation in 
degradation rate. The mRNA concentration regulation is therefore exclusively achieved by 
degradation while transcriptional regulation is not involved. II - pure transcriptional control - 
When D equals 0, mRNA stability is constant i.e. no stability control occurs. The regulation 
of the mRNA pool is therefore exclusively transcriptional. III - shared control - When D 
displays values between 0 and 1, mRNA concentration varies inversely to the degradation rate 
modulation (i.e. the mRNA level increases if the degradation constant decreases and 
inversely) but in a higher extent than the stability variation. As 1 TD  , T values 
between 0 and 1 are observed in this case indicating that mRNA level varies also with the 
transcription rate (and also in a higher extent). Therefore, mRNA pool is concomitantly 
regulated by transcriptional and degradational regulations. IV - majority degradational control 
- A D value superior to 1 indicates that the mRNA concentration varies with the degradation 
rate and in a lesser extent. Such D value implies that the mRNA pool is mainly controlled by 
degradational regulation and that only a minor transcriptional regulation is involved. These 
two regulations exert an antagonistic effect on the transcript level. V - majority transcriptional 
control - On the contrary, if D value is inferior to 0, mRNA concentration varies according to 
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transcription modulation but in a lesser extent. In this case, the predominant transcriptional 
regulation is counteracted by the stability modulation to limit the mRNA pool variation. 
Table 2 sums the number of genes with a given type of control governing mRNA 
concentration variations during transitions from a growth rate to another. The predominance 
of the transcriptional control when only the growth rate is modified between two conditions is 
obvious (Table2, upper part, chemostat). The large majority of mRNA pools are controlled by 
transcription, even if the degradational regulation is there to attenuate its effect. For example, 
for a gene exhibiting an increased mRNA concentration during a growth rate transition, a 
majority of transcriptional control (D < 0) indicates that the mRNA concentration increases 
via higher transcription despite an increase of its degradation rate. From this statement, it 
could be easily deduced that the transcription rate increase is significantly higher than the one 
of the degradation rate to ensure the over-expression of the transcript.  
This regulation analysis proved to be a powerful method to determine which mechanism 
between transcription and degradation has the major influence on mRNA levels without 
fastidious experimental determination of transcription rates. Moreover, to our knowledge, no 
genome-wide methods to determine transcription rate has been described. In contradiction 
with the intuitive though, our results confirmed that transcription and degradation act 
antagonistically to regulate gene expression as stated by Shalem et al [17]. These opposite 
regulatory processes might allow a fine tuning of the mRNA pool. This antagonist control in 
mind, the observed general stabilization of mRNAs when the growth rate is decreased 
indicates that a strong decrease of transcription rate occurs in these transitions. This is 
consistent with our previous observation that the lower the growth rate, the lover the 
intracellular mRNA level [21]. mRNA stabilization therefore partially compensates the 
transcription rate decrease to restrict mRNA concentration diminution. Such regulatory 
pattern might limit energy wastes while ensuring a sufficient mRNA pool in the cell. 
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We formerly demonstrated that transcription was the main mechanism controlling mRNA 
levels during the transition between exponential and deceleration phases when L. lactis was 
progressively submitted to carbon starvation [16]. However, the influence of shared (0 < D < 
1) and degradational (D > 1) controls was not anymore negligible when considering the 
transition between deceleration and starvation phases [16]. The mRNA concentrations and 
degradation rates during L. lactis progressive adaptation to nitrogen starvation were available 
[33]. The same theory of control was applied on these data. During this progressive adaptation 
of growth, the degradational control becomes preponderant between exponential and 
deceleration phases (Table 2, lower part, batch). Inversely, although the part of degradational 
control is not negligible, mRNA pool is mainly regulated by transcription during the transition 
between deceleration and stationary phases of nitrogen starvation. Altogether these results 
underline the crucial role of mRNA stability modulations during adaptation to stress and the 
necessity to take this phenomenon into account. The repartition of the different regulatory 
schemes (transcriptional, shared and degradational controls) seems therefore specific to the 
nutritional/environmental conditions as different kinetics were observed in carbon and 
nitrogen starvations. 
 
Conclusion 
For the first time the impact of growth rate on mRNA degradation was formally demonstrated 
thanks to the global measurement of L. lactis mRNA half-lives at three various growth rates. 
The results clearly revealed a strong growth rate effect with higher degradation rates at high 
growth rates. The covariance modeling of mRNA half-lives indicated that growth rate was the 
main determinant of mRNA stability but also identify mRNA concentration, length and codon 
adaptative index for their impact on mRNA degradation rate. Moreover, the regulation 
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analysis formalism applied in this study gave an insight into the regulation of gene 
expression. It revealed a very weak control of mRNA pool by degradational process when 
only growth rate vary (chemostat) but a much larger impact of this regulatory mechanism 
during adaptation to stress conditions (batch).   
 
Material and methods 
Strain and growth conditions 
Lactococcus lactis ssp. lactis IL1403, whose genome has been entirely sequenced [34], was 
grown as previously described [20]. Briefly, two different growth rates have been studied, 
namely 0.11 and 0.51 h
-1
 during anaerobic chemostat cultures (under nitrogen atmosphere and 
regulated pH) on a chemically defined medium limited by isoleucine concentration.  
 
 
Transcriptome-based mRNA stability measurements 
This method is adapted from the one previously employed to study L. lactis mRNA stability 
during carbon starvation [16]. Briefly, when the desired steady state is reached, transcription 
is stopped by the addition of rifampicin to a final concentration of 500 µg.mL
-1
. Cell samples 
are then harvested before and over 20 minutes after antibiotic addition. All the samples are 
then treated in batch of four, each including the reference point before rifampicin addition. 
The transcriptome experiment protocols were followed: RNA extraction, cDNA preparation, 
hybridization and detection. At least two independent biological experiments were performed 
as well as two methodological replicates.  
Raw data were processed to access mRNA concentrations and normalized by the mean 
intensity of the reference membrane (before rifampicin addition) of each batch. mRNA half-
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lives (t1/2) were calculated from the degradation rate constant (k), which corresponds to the 
slope of mRNA concentration logarithm as a function of time with the relation 
k
t
)2ln(
2/1   
(6). Indeed, after rifampicin addition, mRNA dilution can be neglected and the following 
equation can be written (figure 1): ][
][
mRNAk
dt
mRNAd
  (7) hence k
dt
mRNAd

]ln[
(8). 
The standard deviations (k) associated to the slopes were calculated for each linear 
regression. Half-life values were considered as reliable only when displaying k ≤ 30 % of the 
value. It was also possible to distinguish another group of genes that are extremely stable: the 
ones with horizontal slopes, which correspond to those with k ≥ 70 %. Because of the 
shortness of the time-course window, the calculation of the t1/2 values  of these genes was not 
accurate, theses values were only used to identify the most stable genes and never used for 
further analysis.  
 
Clustering method 
Clustering was performed on R free statistical software (www.r-project.org) using Ward 
classification method. The number of class was graphically determined from the dendrogram.  
 
Motif research 
The presence of DNA pattern in un-translated region of genes was explored using RSAtools 
software (http://rsat.ulb.ac.be/rsat/). The sequences were also obtained from RSAtools 
(retrieve sequence section, default parameters). 
 
 
Folding free energy calculation 
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The upstream mRNA sequences (from -100 to +1 bp relative to the start codon) were also 
obtained from RSAtools and then processed with RNAfold software  
(http://mobyle.pasteur.fr/cgi-bin/portal.py) specifying a temperature of 30 °C. For each 
sequence, we used the free energy of the predicted minimum free energy structure (the most 
negative G) as a measure for secondary structure formation.  
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TABLES 
Table 1. Selected covariance model to identify mRNA stability determinants.  
Light grey parameters have been selected by the model but the confidence on their estimated 
coefficients is not high enough to be considered as significant (p-value>0.05).   
Selected parameter Coefficient estimate Standard error p-value 
[mRNA] -0.065 0.019 8.10E-4 
Length -0.059 0.013 9.65E-6 
G 0.030 0.012 1.56E-2 
CAI 0.029 0.015 4.73E-2 
Functional category 
AMI 
CEL 
COF 
ENV 
FAT 
INT 
NRJ 
OTH 
PUR 
REG 
REP 
TRD 
TRS 
TSP 
 
-0.095 
-0.108 
-0.067 
-0.121 
-0.143 
0.202 
0.087 
0.023 
0.082 
-0.108 
0.035 
0.108 
0.044 
0.082 
 
0.068 
0.071 
0.072 
0.057 
0.090 
0.105 
0.044 
0.057 
0.062 
0.044 
0.066 
0.047 
0.079 
0.041 
 
1.65E-1 
1.28E-1 
3.50E-1 
3.50E-2 
1.10E-1 
5.51E-2 
4.67E-2 
6.93E-1 
1.81E-1 
1.40E-2 
5.96E-1 
2.06E-2 
5.68E-1 
4.40E-2 
Growth rate  
0.11 h
-1
 
0.51 h
-1
 
0.80 h
-1
 
 
0.763 
0.189 
-0.952 
 
0.023 
0.018 
0.025 
 
<2.00E-16 
<2.00E-16 
<2.00E-16 
AMI = Amino acid biosynthesis, CEL = cellular process, COF = biosynthesis of cofactors, 
ENV = cell envelope, FAT = fatty acid metabolism, INT = central intermediary metabolism, 
NRJ = energy metabolism, OTH = other categories, PUR = purine, pyrimidine, nucleoside 
and nucleotide, REG = regulatory functions, REP = replication, TRD = translation, TRS = 
transcription, TSP = transport and binding proteins. 
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Table 2. Main mechanisms controlling mRNA concentrations. 
 
Culture transitions 
Majority 
transcriptional control     
ρD ≤ 0 
Shared control 
0 <ρD < 1 
Majority degradation 
control     ρD ≥ 1 
 
Number 
of genes 
Fraction 
of the 
total 
Number 
of genes 
Fraction 
of the 
total 
Number 
of genes 
Fraction 
of the 
total 
ch
em
o
st
at
 
0.80→0.51h-1 479 98 % 4 1 % 4 1% 
0.51→0.11h-1 454 84 % 75 14 % 14 3 % 
Global  
(growth rate only) 
417 99 % 3 1 % 0 0 % 
b
at
ch
 
Exponential phase (0.8h-1)  
→ deceleration (0.51h-1) 
65 25 % 0 0 % 194 75 % 
Deceleration (0.51h-1) 
→ stationary (0.04h-1) 
172 79 % 14 6 % 32 15 % 
Arrows indicate the transitions between which the regulation coefficients were calculated. In 
the line “Global (growth rate only)”, the coefficients were determined using the three growth 
rates (0.11, 0.51 and 0.80 h
-1
). Chemostat and batch indicate respectively that cultures to 
assay half-lives were performed in continuous or discontinuous manner. In chemostat, cells 
were limited by isoleucine concentration but at a steady state. Inversely, in batch isoleucine 
progressively disappeared from the medium (starvation was reached) and cells are in a 
process of adaptation.   
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FIGURES LEGEND 
 
Figure 1: Cellular processes influencing mRNA concentration 
Both transcription, mRNA decay and dilution due to growth are involved. Dilution and 
degradation rates can respectively be modelled as µ*[mRNA] and k*[mRNA] where µ is the 
growth rate and k the degradation rate constant.  
 
Figure 2: mRNA half-life distribution 
A. for all the measured half-lives, B. only for genes with stability measured at each growth 
rate. The darker the histogram is, the higher is the growth rate: black for µ=0.80 h
-1
, grey for 
µ=0.51 h
-1
 and light grey for µ=0.11 h
-1
.  
 
Figure 3: Average half-life profiles of genes classified in the different clusters  
X axis: growth rate; Y axis: average half-life; Error bars represent the 5% confidence interval. 
Il manque l’unité sur l’axe des ordonnées 
 
 
Figure 4: Graphical representation of the different modes of gene expression control. 
This plot of ln[mRNA] versus lnk represents for each mRNA the modulations of these 
parameters between two conditions (ie. growth rates). The opposite slope of this plot 
corresponds to the degradational regulation coefficient D. A pure degradational control is 
represented by the dotted line (I), a pure transcriptional control is associated to the x-axis (II). 
Slopes grouped in the hatched, dark gray and light gray areas reveal respectively shared (III), 
majority degradational (IV) and majority transcriptional (V) controls.  
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Figure 2 
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Figure 3 
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Figure 4 
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